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B 1 ZiiI s T o s ok R B S5H. (2) Lig_gCoO E MR ARRIARLSHIPY. Copyright © 2012 American Chemical Society. (b)
LiCoO, IEM AR i i« o 5 SR I RO A/ T2 1 1% Pl 23 ot SRR S A+ AL T AR B2 1 ok 2 sz, Copyright © 2017 American Chemical
Society. (c) Li,MoO;HI MM IAIRILER, TEFEHL B Mo T2F B L% 0L, RN T MR 25 R 1Y, Copyright © 2014
Macmillan Publishers Limited. (d) NasgMnO,m H#-Z8MA0N 3 S MNaZS LA ¥ . Na/MniL A F458P7. Copyright © 2014 Macmillan
Publishers Limited

Figure 1 Picometer-scale lattice structure with expansion and contraction of the polyhedron. (a) Different phase structures of Li;_,CoO, cathode
material®?. Copyright © 2012 American Chemical Society. (b) A nano-polycrystalline structure formed by in-situ delithiation of LiCoO, cathode
material at high voltages and high rates, which is connected by twin boundaries and anti-phase boundaries™". Copyright © 2017 American Chemical
Society. (c) The unit cell breathing model structure of Li,M00O;. During the charging process, Mo ions will migrate to Li vacancies, thereby improving
the structural stability of the electrode material®". Copyright © 2014 Macmillan Publishers Limited. (d) The Na vacancy order and Na/Mn charge order
structure dominated by the Jahn-Teller effect in Na5/3MH02[26]. Copyright © 2014 Macmillan Publishers Limited
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AR S A AL N AR A IR, T AR R e 1
YeREHIBFO. MoonZs APl 3 4% LAMnO o /\ I 14 i
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N, AR A5 5 58 4] s M A e S T
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J7 TR AT F R HARz —. LinZs AP S@ it fm
T A LaNIOS)Z, Wi H T 4MNEA: K FESITiO,

B 2 LS IEE TR U G 25K, (2) LaAlO,/SrTiOs AL R ok RS, LaAlOsHhjiEss i)/ \ A 1 S 1 A4 36 21 37 77 AHAY STTiO;

2P, Copyright © 2009 The American Physical Society. (b) #MIEA: K 7 4 JF - T 845 S b\ T A A5 , MnOTH HILaSrOTf % BFOH /AT
TRAGUEER B R R R B 199845 Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) MnOg/\ A% 1 b s 18 e 25
#9P%. Copyright © 2014 Macmillan Publishers Limited. (d) LaNiO35/Z % Ru-O/\ R AB4E (07845, 35 2 AIFEAEREAE A 20 IR u-O /T (15
503, Copyright © 2020 American Physical Society

Figure 2 Picometer-scale lattice structure with the tilt and rotation of the polyhedron. (a) Picometer scale structure of LaAlO;/SrTiO; interface. The
rotating octahedron in LaAlO; propagates through the interface to the cubic phase SrTiO; layerm]. Copyright © 2009 The American Physical Society.
(b) The initial atomic plane of the epitaxial growth regulates the tilt of the octahedron at the interface. Different degrees of octahedral tilt in the BFO
starting from MnO plane and LaSrO plane[m. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Superlattice structure
marked by MnOg octahedral rotation””". Copyright © 2014 Macmillan Publishers Limited. (d) The LaNiO; cap layer regulates the tilting of the Ru-O

octahedron. The existence of the cap layer can effectively suppress the tilting of the Ru-O octahedron””, Copyright © 2020 American Physical Society
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B3 PHE TR BRI E T AR K R FRS 5. (a) PbZrg ,Tio sO5B R 1 180°AN00°0WEHA AU IR HE ] & 45 #5). Copyright © 2011, Amer-
ican Association for the Advancement of Science. (b) PTOJZH BT H190°H1180°WAH WA 4x 11 & 45 FI IR HE™?. Copyright © 2015, American
Association for the Advancement of Science. (c) F N B HEREF 4", Copyright © 2016 Macmillan Publishers Limited. (d) I BEREZSHITER 1135 1E

S RREA glAT R F

Figure 3 Picometer-scale lattice structure with cations displacement. (a) The flux-closure structure composed of 180° and 90° domains in
PbZr,,Tiy 505 material””. Copyright © 2011, American Association for the Advancement of Science. (b) A fully closed structure vortex composed of
90° and 180° domains in the PTO 1ayer[36]. Copyright © 2015, American Association for the Advancement of Science. (c¢) Large-scale vortex domain
arraym]. Copyright © 2016 Macmillan Publishers Limited. (d) The structural evolution process of the vortex domain structure under the action of the

stress field””
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Bl 4 FORRE T AHLATES . (a) LaTiOs R TIES 10 SRS . 3858 TiRs T e, Mt W17 0 1T LA AR [ T AR A 25508 . Copy-
right © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) JF /i 45 T (1808 154, 1 EELSH U B I i B0 IS 0 1 o S s 1Y
RS (¢) Li,Tis0 P TiRs Friph 4545 i S0 40437, Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)
LiNig sMn, sO,EMARHBELL B H1 90 M, NiTCZER AR

Figure 4 Charge structure at picometer scale. (a) The localized valence of Ti ions in LaTiO;, material. The valence states of different Ti atomic
columns can be judged by the e, and t,, peaks of Ti ions EELS spectrum[45]. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
In-situ control of the oxygen ion migration. The oxygen vacancy migration is determined by the pre-peak of oxygen ions in EELS™, (c) The
distribution of local valence anisotropy of Ti ions in Li4Ti5012[47]. Copyright © 2012 WILEY-VCH Verla% GmbH & Co. KGaA, Weinheim. (d) The
migration and valence of O, Mn and Ni elements in the LiNijsMn, 50, cathode material after delithiation 1
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Figure 5 Electron microscopy analysis of orbital and spin structures. (a) The CBED method is used to characterize the orbital structure of Cu,O. By
measuring the fine structure in the diffraction disk, the asymmetric charge distribution around Cu is obtained!"”. Copyright © 1999 Macmillan
Magazines Ltd. (b) EMCD characterization at the atomic scale, and the spin structure with atomic plane resolution is obtained!”’. Copyright © 2018
Macmillan Publishers Limited, part of Springer Nature. (c) EMLD spectrum of a-Fe,O;. By measuring the changes of e, and t,, peaks under different
conditions, the direction of the spin axis of the antiferromagnetic material is detected™. Copyright © 2003 Springer-Verlag
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Picometer scale electron microscopy exploration for the
functionality origin of functional materials
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The functionality of functional materials originates from field and local symmetry. The local symmetry in matter science is
described by four degrees of freedom: Lattice, charge, orbit and spin. To understand and use the rich physical properties
brought by the structural distortion of atomic nearest neighbors and second nearest neighbors under symmetry breaking, we
need to grasp the fine structure of matter at the picometer scale. This paper reviews the exploration of the origin of
functional materials by picometer scale electron microscopy in the three cases in the lattice degree of freedom, the
expansion and contraction of the polyhedron, the tilt and rotation of the polyhedron and the cation displacement. In the
expansion and contraction of the polyhedron degree of freedom, we use picometer scale scanning transmission electron
microscopy (STEM) studies of lithium ion battery materials, which can be classified as the unit cell breathing model and
Jahn-Teller effect, to illustrate the relationship between functionalities and structural origins. In the tilt and rotation of the
polyhedron degree of freedom, we mainly focus on the heterointerface among functional oxides. The emergent phenomena
arising from this heterointerface form most of the topics of modern condensed matter physics, such as high temperature
superconductivity, magnetoresistance, antiferromagnetic, multiferroics, etc. Lattice mismatch caused polyhedron tilt and
rotation alter the local symmetry of the oxides, and hence various functionalities are created. In terms of cation
displacement degree of freedom, ferroelectricity is the typical example to show the structure-property relationship. The
most exciting future of ferroelectric material is the potential to be the next generation memory material because of its
topological property. With the help of aberration corrected (AC)-STEM, flux closure type and vortex type ferroelectric
domain were directly observed at picometer accuracy. Furthermore, through in-sifu mechanical and electric force studies,
reverse transition from topological and normal ferroelectric state was observed, which paves the way of the application of
the ferroelectric material as future memory material system. At the electronic structure level, the charge structure under the
picometer-scale lattice structure is reviewed. Through the simultaneously recorded EELS data, we can know the valence
state and content fluctuation of certain element. For example, in lithium ion battery materials, atomic and electronic
structure changes all the time during the whole working duration. It is crucial to know the local valence state of the
transition metal elements. AC-STEM and electron energy loss spectroscopy (EELS) can help us to solve this problem under
one time acquisition. And future perspectives of the electron microscopy research on the orbit and spin structure with high
spacial resolution are discussed, such as monochromatic EELS, electron-energy-loss magnetic circular dichroism (EMCD),
electron-energy-loss magnetic linear dichroism (EMLD) and convergent beam electron diffraction (CBED). CBED is
considered to be the best way to discover the orbit structure with high spacial resolution. In terms of spin structure, EMCD
and EMLD are not the direct methods to detect the electron spin, which limits the resolution and signal to noise ratio of
acquired results. In the future, spin polarized electron source is considered as the proper way to discover the spin structure
with high spacial resolution. Nowadays, spacial resolution is not the limit of the TEM. The ability of accessing more kinds
of materials, powerful in-situ method and acquiring orbit and spin structure with picometer resolution are goals for us.

picometer scale, electron microscopy, fine structure of functional material, functionality origin, local symmetry
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