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Fig. 1. A sketched experimental system based on scanning
probe microscopy that enables the probing and tailoring of
multi-functionalities and properties under multi-fields/

stimuli.
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Fig. 2. Measurement of ferroelectric domain structures: (a) Schematic diagram of piezoelectric response force microscope; (b), (c) pie-
zoresponse phase and amplitude images for the ultra-thin BTO film, in which the bright/dark contrast were poled by applying 3 V
through AFM tip using a predefined pattern®l; (d) SSPFM mapping for the PbO,/PZT/SRO film-island structure, and piezore-
sponse loops for three typical locations: Island edge A, center of an island B, naked film C, respectively®!; (e), (f) in-plane and out-
of-plane PFM images of BFO/LBFO/SRO/DSO films, (e) pure 71° domains without LBFO layer, (f) pured 109° domains with

10 nm LBFO layer.
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Fig. 3. Ferroelectric resistive switching and photovoltaic effect: (a) Topography and CAFM current mapping of Pt/BFO/SRO

nanocapacitor arraysP; (b) I-V hysteresis loops measured for multipe cyscles (Inset top shows retention properties of a typical

nanocapacitorf); (c) optical image of the microarray derived from Au/Ti/T-BFO/LSMOPS; (d) ferroelectric phase images recor-

ded by PFM, bright contrast represents polarized-down (Py.,) state, and dark contrast represents polarized-up (P,,) statel®s;

(e) photocurrent image of a microarray scanned by CAFMP.
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Fig. 4. (a) A schematic flow of the curvature discrimination task implemented on the all-ferroelectric reservoir computing system, in
which the reservoir and readout network are implemented with volatile and nonvolatile ferroelectric diodes, respectively; (b) photo
of the experimentally constructed all ferroelectric reservoir computing system; (c) the reservoir states after presenting different

curves in the curvature discrimination task!4.

SETE . R APERMR IR A, X R Bk L fifl, AT ULt R REF T 5.
FMTH R R GUA BN —FhER L nTRE | IRIIFERY

SR I (25 b B 3 AW
BESP, Oui % ) R & T —FRE T B T RS, o T30
ORI R B e B A BRI EIRIEME g g i, 1 T AR R RO AR,

(&1 5(a)). iz 4R H 32 A 84 (A AR RSN, A AL S e 5 L B 2 K A ] 9 e 4
BB ROR, LT 29 65K IETAXSFRAT PREER, OB S RTIBEE R 110, S ho B
TR e — AR DA TR o R AT s o) A
PRt — A e M St (141 5(0)), SHL T EURSE SRR (5 R AR R RE . X — WA | A SRS
IR S AL B, A S e R (o 2R P WIS, B R T B TR, SRR
% 100%, WU 5(d); IR F-Measure 35 1), BBl g RFHHEMIRHA R 10 % 8L, 1 AR Fh
IRHERT (us 5% ) KARRERE (RS R T AERE) 45 L T2 B TR T KT, B, 2016 4F3 01 /R B3
PESEbERE. DR R R R E MR 22T T eI = (3 TR Q. e Rk bR
PRE R R L T — S B T R B s DLRHR NS Rk R (M), %
PR — RIS R T — RO R LN S R L B 4 10,

207501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 20 (2023) 207501

(c) (10 mV step)

+1.89 V

+1.65 V—"

T
=~ —— (d)
! 180
g. 02} u”djmrq““n q
< ' £ } g <
g 01 /5 1 440 S &
h . " o o +
S %\.n/ \D"’ = §
z ot 1 ¥ 10§ £
g 2 rh £ 0O
S —o1t iy it z
7] ;j ) q 4 —40 E
S o2t ¢ n@g 3
2 e 5
2 X . \ , \ . 180 '
A 0 10 20 30 40 50

Pulse number

o ) o e e e P e e S 1 ) P FER R B R AR el 1

K5 (a) BRADGIR RS PF 7R AL (b) PRI TT - A7 Rl — Al 22 0 2% vt %R TEIRT; (o) A0 B9 4 S0 00 et R 4 1 R, G bl
Wi 107 JEE 7R A ; () UG UNNAE 55 v AN T P16 i A I R4 9 i o pB O, SR “ B2 57 A5 s 19
Fig. 5. (a) Schematic diagram of ferroelectric photovoltaic synapse; (b) schematic illustration of the architecture of the ferroelectric

photosensor network; (c) long-term potentiation and depression characteristics of the device, where the photoresponsivity repres-

ents the weight; (d) output currents during the presentations of different input patterns. The theoretical values are indicated by the

“star” symbols %3],
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Fig. 6. Ferroelectric topological domains: (a) The angle-resolved lateral PFM images used to reconstruct the polarization vector map
for a selected center domain statel®; (b) vector PFM images and vector maps, along with the simulated contours for some typical

topological domains in the BFO nanodots!'?.
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Fig. 7. Ferroelectric domain wall conductivity: (a) Schematic diagram of PFM and CAFM characterization of the BFO nanoisland

array; (b) CAFM map of conductive domain walls in an array of BFO nanodots; (c) surface potential and schematics of possible

formation mechanisms for various domain wall states in individual nanoislands, where (i) is the vector map, (ii) is the SKPFM map,

(iii) is the corresponding CAFM images, and (iv) is the schematic diagram to help explain the formation mechanisms for different

domain wall states 8],
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Fig. 8. Quasi-one-dimensional metallic conduction channels in ferroelectric topological defects: (a) Schematic experimental setup for
probing the C-AFM and PFM maps on an array of BFO nanoislands, wherein the 3 D morphology of an array of nanoislands was
superimposed with a C-AFM map for an array of center topological states; (b) the typical domain structures of two types of topolo-
gical states, along with their conduction patterns; (c¢) schematic diagram of the quasi-one-dimensional conductive channel at the to-
pological core and the lateral dimension of the conductive topological core by phase field simulation; (d) a schematic conceptual
crossbar memory device using the programable metallic conduction channels in topological defects as data bits; (e) retention proper-
ties of resistance changes between the low and high-conduction states; (f) the fatigue behaviors for a switchable central core [ .
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Fig. 9. (a) Conceptual crossbar-integrated domain-wall memory device and an example of a device array fabricated by the Electron

beam lithography (EBL) technique; (b) schematic working principle based on creation and erasure of conductive domain-wall states;

(¢) endurance properties for both LRS and HRS over 10°® switching cycles; (d) the retention properties for LRS and HRS at a room

temperature (60 .
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Fig. 10. (a) Electric field control of magnetic domain switching in SRO/CFO/BFO nanodots‘™; (b) electric field driven reversible

120° magnetic state rotation in triangular-shape Co nanomagnets on tetragonal-structured BiFeOy film on LaAlO4 substrate [

70]
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Fig. 11. Electric filed manipulation of magnetic skyrmion: (a) [Pt/Co/Ta];,/PMN-PT nanodot array structure and test diagram(™);

(a) [Pt/Co/Ta];,/PMN-PT 44K 25 #5254 K 37 2 18] ™5 (b) 7E~ 350 nm [Pt/Co/Tals 49K &1

(b) the transferred average strain eave and corresponding magnetic domain evolution processes in the d ~ 350 nm [Pt/Co/Talg nano-
dots™); (c) the simulated spin diagram of 900 nm diameter nanodots under different strainsl™”; (d) the electric field pulse drives the

four-state transformation of skyrmions cluster(™.
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Abstract

Ferroelectric and multiferroic materials have gained significant attention due to their potential applications in
investigating emergent cross-coupling phenomena among spin, charge, orbit, and lattice in correlated electron
systems, as well as promising candidates for prospective applications in advanced industries, e.g. data
memory /processing, sensors, actuators, and energy-relevant devices. The structure and dynamic characteristics of
ferroelectric domains can significantly affect the physical properties and device functions of materials, such as
electrical conductivity, photovoltaics, and magnetoelectric coupling, particularly, novel topological domains can
bring many new physical properties. These make it possible to design materials and devices through domain
engineering methods. Therefore, exploring the microdomain structures and related physical property is expected to
bring new material and device solutions for post-Moore's era information technology.

Accurate understanding of domain structures and their corresponding functionalities pose challenges to
characterization techniques. In particular, it remains challenging to investigate the dynamics and cross-coupling
behaviors on a nanoscale in situ. Nowadays, it is worthwhile to pay more attention to the multifunctional
scanning probe microscopy technique, as it serves as a versatile and powerful nanoscale probe capable of exploring
multifunctionalities. Multi-field stimulation such as electric field, magnetic field, light illumination, strain field,
and thermal field can be combined with the advanced scanning probe microscopy technique, making it an ideal
platform for in-situ manipulation of domain structure and its related functional response on a nano-scale.

In this study, we give a brief overview on the recent advances in our research group in detection and
manipulation of ferroelectric domains and microscopic physical properties through multifunctional scanning probe
microscopy technique. Special attention is paid to those topological domain structures such as vortex, center
domain state and bubble domain in size-confined systems (ultrathin films/multilayers and nanodots/nanoislands)
and their associated novel physical phenomena. In addition, the controllability of electric field driven magnetic
switching in multiferroic heterostructures is also studied through size effect, interfacial coupling and domain
engineering. Finally, we present some suggestions for future directions. Most of these studies are conducted by
using the tip probe, so it is named the “Laboratory experiments based on tip probe”.

Keywords: scanning probe microscopy, ferroelectric domains, topological domains, electric-field-driven

magnetic switching, information storage devices
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