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Abstract: In the present review paper we introduce an imaging technique based on aberration-corrected TEM, the

negative Cg imaging (NCSI) technique, which results in a high-contrast of image in comparison with conventional positive
Cs imaging (PCSI) technique. The novel NSCI technique has been applied for not only acquiring high-contrast atomic-
resolution structure images of materials, but also determining the relative shifts of atomic columns with a precision of a
few picometres. In addition, the NCSI technique provides experimental basis for quantitative analysis of the fine

changes of atoms including light elements (e.g. oxygen) in oxide materials, e.g. the electric dipoles, domains and
domain walls in oxide ferroelectrics, interfaces in heterostructural multilayer films as well as the 3D shape of a nanoscale
MgO crystal.
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Fig, 1

Unit cell of SrTiO; (a). Simulated images of SrTiO; viewed along the [ 110 ] direction (b) under the NCSI condition with C5 = - 15 pm,

defocus Z = +6 nm, and (c) the PCSI condition with Cg = +15 pm, defocus Z = -6 nm for a sample thickness of 3.3 nm. (d) and

(e) profiles of image intensity for atomic columns of SrO, Ti and O columns from the NCSI image shown in (b) (blue lines) and from

PCSI image shown in (c¢) (red lines). Image intensity is normalized to unit mean valuel?!
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Fig. 2 Cubic structure of paraelectric PZT at high temperature

(a) ; Tetragonal structure of ferroelectric PZT (b); 90°

and 180° domains and relative domain walls (c¢)
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Fig. 3  Atomic-resolution NCSI image of a SrTiO;/PbZr, , Ti, 4 05/

StTiO; thin-film heterostructure, recorded along the [ 110 ]

(41

direction The horizontal arrows denote the horizontal

interfaces between the PbZr; , Ti; 3 O; and the top and the
bottom SrTiO; film layers. The dotted line traces the 180°

domain wall. The arrows show the directions of the polarization
(Pg). Insets display magnifications of the dipoles formed by

the displacements of ions in the unit cells ( yellow: PbO,

orange: Zr/Ti, blue: O) (4]
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Fig. 4  Atomic-resolution NCSI Image of an LDW segment. Arrows
denote the geometric central plane of the wall, which is
referred to as the origin for quantitative analysis of the dipole
distortion across the wall area (yellow: PbO, orange: Zr/Ti,
blue; O) (a). The displacements of the Zr/Ti atoms
(87,1) and the O atoms (8, ) across the LDW. Positive

values denote upward shifts and negative values downward

shifts (b). The spontaneous polarization (Pg). The positive
values represent upward polarization and the negative values

downward polarization (c) (4]
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Fig. 5  Atomic-resolution image of a 180° domain structure in a PbZr, Tij ¢ O5
film close to the interface to the substrate, recorded along the
[110] direction. The interface is marked by a horizontal dashed
line. The domain wall is indicated by a yellow dotted line and the
polarization is denoted by arrows. In the centre of the lower half of the
image a dotted blue line surrounds an area, where the polarization
direction makes an angle of 90° with the two large domains. The
inset on the right-hand side shows a calculated image demonstrating
the excellent match to the experimental image (a). Map of the
displacement vectors for the Zr/Ti atoms (arrows) from the centre
of the projected oxygen octahedra. The arrows represent electric
dipole moment of unit cell, and thus reveal the continuous rotation
of the electric dipoles from “down” (right) to “up” (left) and the

structure of electric flux closure (b))
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Fig. 6 A NCSI image of a region at the PbZr, , Ti; 3 O3/SrRu0O;
interface recorded along the [ 110] direction. The spontaneous
polarization direction is indicated by a vertical arrow (a). A
magnified image of the interface and the corresponding
calculated image on the right (‘assuming a defocus value of
+4.0 nm, a sample thickness of 8.4 nm and crystal tilt of 1.5
mrad) (b). The structure model of PhZry ,Ti, 4O is superposed

on (b). The interfaces are denoted by horizontal white arrows!®)
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Fig. 7 The variation of out-of-plane lattice parameters (¢) across the

PbZr, , Tiy s O5/SrRuO; interface (a). The measured values
(841700 ) of the displacement of the O-atom relative to the
neighboring Ti/Zr-atom in PbZr, , Ti; 3 O3 (b). The calculated
value of Py for the PbZr, , Tij 4 O5 films (¢). The region in
orange shows the deviation of the values of ¢, 8,4, oand Py of
the first three unit cells from those of the other parts in the

PbZr, ,Tiy 4 O; film. The interface is indicated by a vertical

red line!%!
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Fig. 8 A high-resolution NCSI image of SrTiO;/Si interface, viewed

along <110> direction (a). (b) ~ (d) NCSI images show-

ing the interfacial structure viewed along [ 110], [110] and
<100> direction. SrO and Si interfacial planes are indicated
by green arrows and yellow arrows, respectively. Silicon
dumbbells at the interface are indicated by red arrows. The

structure model of SrTiO; and Si is superposed on(b) ~ (d) (71

SrTiO,/Si S BT LI B9 JL T 45 A B . o, S sy (3 (8
R oz T P94~ Si s (H @R D fTEG R IE ET5, 05
T(HEORE) AT SR TZ E

The structure model of SrTiO;/Si interface. The atoms are

denoted by color circles: yellow, Sr; blue, O; orange, Ti

and white, Si
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Fig. 10 A high-resolution TEM image of an MgO crystal, taken along
the [ 001 ] ecrystallographic direction under NCSI imaging
conditions. Mg-O atomic columns appear as bright dots on a
dark background. A perspective view of the MgO unit cell is
shown in the inset (a). Magnification of the upper part of
(a) with the recorded image intensity shown in false colour.

Dashed lines separate regions of significantly different column

intensity, indicating the presence of surface steps (b) ®!
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Fig. 11 Experimental image taken from the framed region in Fig. 10a

(a). Best-fitting simulated image shown on the same intensity
scale (b) . Quantitative comparison of experimental ( full
circles) and simulated ( open squares ) peak intensities,

normalized with respect to the mean intensity of the image (¢)'®’
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Fig. 12 Determined 3D atomic arrangement of atoms in the MgO sample

region shown in Fig. 11a. Red spheres indicate fully occupied
Mg sites, blue spheres fully occupied O sites, brown spheres
half-occupied Mg sites and cyan spheres half-occupied

0 sites®
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