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Abstract. The structure of ferroelectric domain walls in BaTi03 has been investigated
through two complementary approaches, a global one by the fine analysh of X-ray diffraction

patterns, the other essentially local ma a quantitative image analysis method developed and

applied to High Resolution Transmission Electron Microscopy images. These two original ap-

proaches converge towards a clear description of 90° walls which are shown to be a 4-6 nm

wide region where the crystallographic discontinuity is accommodated by irregular atomic dis-

placements. The results given here demonstrate that the usual structural theoretical description
of walls commonly accepted for energy calculations are far too simplistic The two underlying
methodologies which have been developed to carry out these approaches can possibly be ap-

plied to other ferroelectrics, but without any doubt to other systems where twins or coherent

interfaces are expected

R4sum4. Une 4tude de la structure des murs de domaines ferrodlectriques dans BaTi03

est r4alis4e h travers deux approches comp14mentaires
: une approche globale par une m4thode

fine d'analyse des diagrammes de poudre de diffraction des rayons X, et une autre trAs locale

par une m4thode quantitative d~analyse des images obtenues par microscopie 41ectronique de

haute r4solution. Ces deux approches originales convergent vers une description Claire des murs

de domaines h 90°
:

c'est une r4gion large de 4-6 nm oh la discontinuit4 cristallographique est

accommod4e par des ddplacements atomiques irr4guliers. Ces r4sultats montrent que la descrip-

tion structurale thdorique commundment utilisde pour des calculs d'dnergies est de loin trop

simpliste. Les mdthodologies ddveloppdes, propres h chacune des analyses structurales utilisdes,

peuvent Atre appliqu4es h l'4tude de tout autre mat4riau ferrodlectrique, mais aussi h tout autre

mat4riau cristallis4 off des maclages ou
interfaces coh4rentes sont attendues.
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1. Introduction

The ferroelectric domain microstructure in BaTi03 single crystals, powders and ceramics has

been observed by many techniques (Optical Microscopy 11,2], Scanning Electron Microscopy [3],
Transmission Electron Microscopy [2,4-6] and recently Atomic Force Microscopy [7, 8]). From

these observations, descriptions of the domain microstructure has been proposed [9] showing
that the domains are limited by two types if walls: the 90° and 180° ferroelectric domain walls

that correspond respectively to (101) and (100) crystallographic planes. However, concerning
the fine wall structure only few observations and theoretical descriptions have been published.

Thus, a limited number of researchers have carried out Transmission Electron Microscopy

to study the structure and thickness of domain walls in ferroelectric or related materials

11, 5,10-12]. Twin walls in YBa2Cu307 have been observed by High Resolution Electron

Microscopy (HRTEM) by Zhu et al. [13,14], domain walls in BaTi03 and LiTa03 have been

studied ma the same technique by Bursill et al. [15], and detailed observations on BaTi03 have

been reported by Tsai et al. [16] and Normand et al. ii?]: nevertheless, none of these studies

has given direct evidence of a precise and quantitative measurement of displacements and dis-

tortions associated with the domain walls. Using, in a TEM methods derived from holography,
Zhang et al. have proposed a fine analysis of the domain walls structure in BaTi03 based on

variations of the intensity of the polarization vector [18] that agrees with the "kink" model

developed by Zhirnov. Combining HRTEM and Image Analysis, Stemmer et al. jig] have used

a quasi-lD approach to characterize the variations of the unit cell parameter perpendicular to

the wall, an approach that fits the concept of the soliton model [20]; but in either case local

deformations or steps cannot be detected.

In this paper, we attempt to give a fine description of the domain wall structure by two

complementary approaches. The first one is a thorough analysis of X-ray diffraction patterns,

given that the XRD diagram includes fingerprints of the ferroelectric domain microstructure

and particularly the domain walls. The second one is a quantitative analysis of the HRTEM

images seeing that the HRTEM allows to visualize the atomic displacements at the boundary
of two ferroelectric domains.

2. Ferroelectric Microstructure and Crystalline Structure ofa Ferroelectric

Material

2.1. BaTi031 A FERROELECTR~C MATER~AL. At room temperature, the structure of

BaTi03 is tetragonal with a cla ratio very close to I (cla
=

1.01). The material is ferroelectric

because in the tetragonal cell, the positive and negative charges barycenters do not coincide,
thereby inducing a spontaneous polarization parallel to the c-axis. To adapt itself to the

cell polarization, the material is divided into ferroelectric domains characterized by a uniform

polarization vector. The ferroelectric domain arrangement, antiparallel (180° domains) and

perpendicular (90° domains), minimizes the overall deformation and the electrostatic energy.
A schematic ferroelectric microstructure is drawn in Figure la.

2.2. RELAT~O~I BETWEE~I CRYSTALL~~IE STRUCTURE A~ID FERROELECTR~C M~CROSTRUC-

TuRE. The crystalline structure and the ferroelectric microstructure are in closely related.

.
The polarization vector is parallel to the [001] axis of the cell.

.
The ferroelectric domain walls are usually as sketched in Figure 1:

(101) or (011) twin planes for 90° domains; note that the angle between the [001j directions

for two adjacent domains is exactly 2arctg(a /c)
=

89 43° (Fig. 2)

(100) or (010) planes for 180° domains.
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Fig. 1. Relation between crystal structure and ferroelectric microstructure schematic ferroelectric

microstructure of the area selected in the magnifying glass of Figure 3.
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Fig. 2. (101) twin planes for 90° domains: the true angle between the polarization directions for

two adjacent 90° domains is exactly [2arctan(a/c)]°.

Figure 3 shows an optical microscopy picture of a BaTi03 ceramic grain (reported by
Arlt [2]): the ferroelectric microstructure appears as large strips going through the grain.
Each strip is divided into two sets of narrow strips which are 90° domains. The 90° domain

walls are, in one large strip, either (011) or
(01i) planes and in the adjacent large strips, either

(101) or (10T). Two adjacent large strips are separated by either (110) or (T10) planes. Note

that in this optical picture, the 180° domains walls are not revealed. They would appear in

the magnifying glass of Figure 3 as represented in Figure 1.

Back Scattered Electron observations by Scanning Electron Microscopy (SEM) of free sur-

faces of a sintered polycrystalline sample gives complementary details on the general domain

configurationj in such SEM images (Figs. 4a and 4b) where the contrast is crystallographic
and due to the slight misorientation between two adjacent domains, one can observe a typical
configuration on

(100) growth terraces. Our systematic SEM study of the general arrangement
of domains corroborates perfectly what is proposed in the literature.
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Fig. 3. Optical microscopy picture of a BaTi03 ceramic grain [2].
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Fig 4. SEM back scattered images showing a typical domain configuration on
(100) growth

terraces; the "herring-bone" structure is clearly visible m la).

Because of the relationships between the crystalline structure and the ferroelectric mi-

crostructure, a BaTi03 grain looks like a multiple twinned crystal. The powder XRD diagram
of BaTi03 should contain the fingerprints of this ferroelectric microstructure. Thus, a full and

accurate XRD study was carried out in order to fully describe the ferroelectric microstructure.

3. Fingerprints of the Ferroelectric Microstructure Revealed in the BaTi03 XRD

Diagram

In order to reveal these fingerprints,
a simple solution consisted in varying the ferroelectric

domain microstructure in a known manner ~N"hile recording the XRD diagrams. After a brief

presentation of the BaTi03 XRD diagram, it will be shown how this diagram evolves, on the

one hand, by applying an increasing electric field to the ceraJnic material and, on the other

hand, by progressively heating the powder material through the Curie temperature.
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Fig. 5 Indexed BaTi03 XRD diagram.

3.1. BaTi03 XRPD D~AGRAM. The powder XRD diagram of tetragonal ferroelectric

BaTi03 is represented in Figure 5. As for a tetragonal structure material with cla ratio close

to 1, the diagram is composed of single lines and of doublets and triplets.
The single lines are symmetrical as for an "usual" crystalline material. By contrast, the

doublets and triplets have very particular profiles. The doublet profiles could be described in

two different way-s:

the sum of two dissymmetrical lines, with the dissymmetry inside the doublet (Fig. 6a)

the sum of two symmetrical lines with specific diffracted intensities in the two lines and

of a
particular diffracted intensity between the lines (Fig. 6b).

The study of the XRD diagram evolution as a function of physical factors, such as the

electric field and the temperature, allowed to highlight two fingerprints of the ferroelectric

domain microstructure,

the relative intensities of two lines of a doublet,

the symmetrical profiles of the simple lines. It also confirmed that the particular profiles
of doublets and triplets are domain microstructure fingerprints.

3.2. RELAT~VE I~ITE~IS~TY OF THE ASSOC~ATED L~~IES: POLAR~ZAT~O~I STATE OF THE

MATER~AL. In sit~ XRD experiments allowed to record the XRD diagram of a ceramic

disk of BaTi03, when an electric field is applied perpendicularly to it. An experimental de-

vice was specially built for this purpose. Thus, XRD diagrams of the BaTi03 ceramic were

registered as a function of the applied electric field.

Why apply an electric field to a
ceramic? In order to force the material to adapt itself to

this external strain by modifying its domain microstructure and thus to record the possible
modifications of the XRD diagram.
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Fig. 6. Two ways for the doublet line description in the BaTi03 XRD diagram: a) dissymmetric
description, b) symmetric description.

The electric field effect is shown in the XRD diagram by an evolution of the relative intensities

of the diffraction lines. For example in the 002 /200 doublet, when the electric field is increased,
the intensity of the 002 line increases at the expense of the 200 line (Fig. 7). This can be

explained by the motion of the ferroelectric domains walls inducing the growth of the domains

with a polarization vector closest to the electric field. The polarization direction being parallel
to the c-axis, the (001) plane families proportionally increase at the expense of the (100) plane
families (Fig. 8). The relative intensities of the doublet lines express the polarization state of

the material [21].
The curve R

=
f(E) (Fig. 8), obtained from the diffracted intensity measurements, is com-

pared to the schematic first polarization curve P/Ps
=

f(E).
Electric polarization measurements and XRD do not analyze the polarization state on the same

way:

the electric measurements consider the whole sample volume, with all the grains (what-

ever their orientation), with all the domains (180° and 90°)

XRD considers only the surface la few mm) and only some grains (that are in diffraction

angular position) and two anti-parallel domfins (180°) are not distinguished.
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broadening

The comparative interpretations of the R and P/Ps
curves allow to characterize the domain

wall motion under the influence of the electric field. The 180° domain wall motion occurs for

a very low value of the electric field for which R
=

0, whereas the 90° domain walls move for

a higher value of the electric field corresponding to R > 0.

This study shows that X-ray diffraction could be, when associated with electric measure-

ments, a quantitative tool to distinguish the energies required for 90° and 180° domain wall

motion under an external strain effect.

3.3. S~~GLE LmE PROF~LES: DOMA~~ WALLS As M~cRoD~sToRTm~s. Contrary to the

double lines, the profile of the single line is well defined. The study of the hhh line broadening
with temperature, through a Williamson and Hall [22j plot should bring qualitative data on

the crystallite size (coherent diffraction size) and lattice microdistortion of the material. The

W-H diagram consists in a straight line with the origin ordinate leading to the mean apparent

crystallite size and the slope to the mean apparent defect ratio in the direction perpendicular

to the hkl planes being considered.

The XRD diagrams were collected in LURE using the D23 diffractometer [23j. The results

are presented in a W-H plot of the hhh lines as a function of the temperature (Fig. 9).
As the temperature increases up to the phase transition temperature Tc, the slope decreases.

For temperatures above Tc (Tc < T < 450 °C), there is no more evolution of the slope.
At low temperatures IT < Tc), the decrease of the broadening cannot to be explained by a

classical lattice distortion relaxation (in such a case, this relaxation will not stop at Tc). But

then, it is possible to explain this decrease by the relaxation of particular microdistortions:

the ferroelectric domain wall. As the tetragonality decreases with temperature, the domain

walls are less and less a defect given that the lattice misfit between two adjacent domains is

decreasing (Fig. 10). The contribution of the domain wall to the slope (Sdw) decreases, to

finally disappear at Tc when the BaTi03 lattice becomes cubic.

For Tc < T < 450 ° C, there are no ferroelectric domains left and the value of the slope

represents only classical microdistortions (Sid). Such an interpretation is consistent with

the broadening observed when cooling back to room temperature. Due to the fact that
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Fig. 10. Diagrammatic representation of a domain wall between two 90° adjacent ferroelectric

domains as a function of temperature: increasing the temperature, decreasing the particular lattice

distortions that are the ferroelectric domain walls.

ferroelectricity is reversible, the slope and the apparent defect ratio due to the domain walls

return to their initial values.

Note that in this study, the origin ordinate remains approximately equal to zero and has no

real significance. This is due to the large grain size; thus the approximation of the infinite size

crystal is valid all along this study.
The study of the hhh line broadening by this method as a function of the temperature, shows

that the ferroelectric domain walls contribute to the hhh line width. This result proves that

the ferroelectric domain walls act as particular lattice microdistortions.

3.4. PARTICULAR PROF~LES OF DOUBLETS A~ID TRIPLETSI STRESS STATE OF THE

FERROELECTR~C DOMA~~I M~CROSTRUCTURE

3.4.1. Influence of an Electric Field on a BaTi03 Ceramic. The most visible modification

of the XRD diagram as a function of electric field is the evolution of the intensities of the lines

(3.2.). However, a thorough study shows that the particular profile of doublet or triplet, due to

a supplement.ary diffracted intensity between the lines, evolves with the electric field (Fig. 7).
This particular intensity, denoted Ioo2-200, has been evaluated by assuming a symmetric

profile of each line with respective intensities Ioo2 and I200 (Fig. 6b).
The integrated intensity ratio of the two lines (Ioo2 /I200) increases with the electric field (E)

whereas the relative intensity between the 002-200 double lines (Ioo2-200/(Ioo2 + I200)) goes
through a maximum (Fig. 11). The curve Ioo2-200

"
f(E) is similar to the derivative of the

curve Ioo2/I200
#

f(E). Its maximum (Ioo2-200/(Ioo2 + I200)
"

0.85) matches the maximum

of transformation rate of the 90° ferroelectric domains (Ioo2/I200
"

2). As the evolution of

the microstructure is at its maximum under the electric field effect, the diffracted intensity
between the double lines is at its maximum too. Thus, that particular diffracted intensity well

characterizes the ferroelectric domain microstructure and is related to the stresses induced by

the domain wall motion.

3.4.2. Influence of the Temperature on a Powder. Heating a BaTi03 Powder above its

tetragonal-cubic transition temperature (Tc
* 120 °C ), is an other way to modify and finally

to remove the ferroelectric domain microstructure.

The XRD diagrams were recorded at different temperatures, from room temperature up to

350 °C (Figs. 12, 13). As the temperature increases up to Tc,
the 002 and 200 line positions get closer to the cubic 002 line position;

the ratio Ioo2/I200 does not change;
the intensity Ioo2-200 between the double lines decreases a little bit.
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Fig. 12. Evolution of the 002 /200 doublet lines as a function of temperature.

As the tetragonality decreases with temperature, the microstructure progressively vanishes.

Thus, this diffracted intensity between the two lines of a doublet should again be related with

the ferroelectric domain microstructure.

Note that this particular intensity is more significant in the ceramic than in the powder
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the doublet line evolution as a function of temperature.

(Figs. 7, 12), probably due to the mechanical and electrostatic interactions of each grain of

the ceramic with its neighbours [24]. This difference between the "stressed" microstructure

of a grain in a ceramic and the "free" microstructure of the grain in a powder explains the

difference in the diffracted intensity between the two double lines.

3.5. PART~CULAR PROF~LES OF DOUBLETS A~ID TR~PLETSI A COHERE~IT CO~ITR~BUT~O~I ~~l

THE WHOLE D~AGRAM. The particular diffracted intensity between the (002 /200) doublet

is related to the ferroelectric domain walls. As a wall cuts every crystalline plane except itself,
the effect of the domain walls should appear in all hkl lines and, moreover, their contribution

would have to be coherent in the whole diffractogram.

The XRD diagram was recorded using a
9-29 goniometer (Siemens D 500) [25]. A coarse

grained BaTi03 Powder, with a narrow grain size distribution (1-2 ~m), has been used in

order to get well separated lines of doublets and triplets.

Two complementary ways of investigation were performed in order to describe the particular
diffracted intensity between the lines.

3.5.1. Dissymmetrical Line Description. In this first way of investigation, a doublet or a

triplet is considered as a sum of two or three dissymmetrical lines. Each line of the whole

diagram was fitted to a dissymmetrical Pearson VII function without any physical criterion.

The Siemens Profile software is used. The line dissymmetry is represented by the ratio of the

integrated width of the left half over the integrated width of the right half of the line. This

ratio, noted f, is greater than I if the line is left dissymmetrical, smaller than I if the line is

right dissymmetrical, and equals to I if the line is symmetrical. Aberrant fits, occurring for

very mixed lines, are excluded.

To give a synthetic view of the results, a stereographic projection is used. The (001) stereo-

graphic projection (Fig. 14a) shows the [011] and [101] meridians and their equivalents inter-

secting in (iii and equivalents. They define three areas that correspond to the lines splitting
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Fig 14. Dissymmetry factor ofthe diffraction lines represented in the (001) stereographic projection

of the BaTi03 structure: a) whole projection; b) focused projection of the non equivalent hkl lines

through the cubic-tetragonal transformation: one line of the cubic structure splits in three

lines of the tetragonal structure.

Figure 14b focuses on all non equivalent hkl lines. The doublet lines are on the [110],
[0Tl], [T01] meridians. The two lines of a

hhl/lhh doublet are on [lT0] and [011] meridians

respectively. The two lines of a hlh/hhl doublet are on [T01] and [lT0] meridians respectively.
The lines on the [lT0] meridians have half the intensity of the lines on the two other meridians

due to the difference of multiplicity.

The h01/10h/lh0 triplet lines are on the [010] and [001] meridians. The first one is on the

[010] between (001) and (101). The second one is on the [010j between (100) and (101). The

third one is on the [001] between (100) and (l10). Each line of the hkl/lkh/lhk triplet is in

one of the three areas. All the triplet lines are of same intensity because they have the same

number of equivalents.

The dissymmetries f of the lines are reported in Figure 14. The right dissymmetrical lines

if
=

0.6 to 0.8) are in the area I, the nearly symmetric lines if
r~

I) are in the area 2 and

the left dissymmetrical lines if
=

1.2 to lA are in the area 3. These results prove that the

dissymmetry of all the diffractogram lines is coherent with the BaTi03 tetragonal structure.

For each doublet, the ratio of the first line dissymmetry ratio over the second line dissym-

metry ratio iii /f2) is nearly constant. This proves that the dissymmetry is the same whatever

the doublet. Note that, in a doublet, the first line is right dissymmetrical whereas the second

is left dissymmetrical. This result is in agreement with the supplementary diffracted intensity
observed between the two lines of a doublet.

For the triplets, the first line is right dissymmetrical, the second,is nearly symmetrical and

the third is left dissymmetrical. This observation evidences that a triplet must be analyzed

as three doublets by associating the lines pairwise: the first line of the triplet is always right
dissymmetrical because its counterparts are the second and the third lines; the third one is



N°6 90° DOMAIN WALLS IN BaTi03:XRPD AND HRTEM ANALYSIS 1117

lalensll,

~~P~~""~ P~°~*
200

Synlnlelncal profik

002

o

~ e (o~

~) 44.5 45 45.5 46

lateasll,

Expenmenw prorde 311

Symme~ncaJ pmfile

I 13

o

~~~~~~~~~
2 6 (°)

bj 78 78,5 79 79.5 80 80.5
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always left dissymmetrical because its counterparts are the first and the second lines; the second

one is always nearly symmetric because it is left dissymmetrical with its left counterpart (the
first line) and right dissymmetrical with its right counterpart (the third line).

3.5.2. Symmetrical Line Description

3.5.2.I. Manifestation of a "Plateau" Between the Lines of
a Doublet. In the second way

of investigation, the profile of a doublet is considered as a sum of two symmetrical lines and

of a supplementary diffracted intensity between the lines. The left part of the left line and

the right part of the right line are well defined. Two calculated symmetrical lines are built

by "symmetrizing" the two well defined half profiles. The two symmetrical resulting lines are

subtracted from the experimental profile of the doublet. The difference looks like a rectangular
function called a "plateau", with the symmetrical line maxima as ends. All the doublets can

be described with this model (Fig, is).
The plateau intensity ranges between 8 and 12% of the doublet intensity. The 4% intensity

error comes from the lack of precision in the 29 position choice of the line maxima. A small

error in the maxima choice induces a important error in the plateau intensity. Whatever the

doublet, the plateau intensity is nearly constant with respect to the doublet intensity. The

Plateau intensity has an average value of 10Sl of the doublet intensity.
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Fig. 16. Plateau model for the doublets la) and the triplets (b, c).

The doublet intensity could be expressed by: Idoubiet
"

(Ihhi + [hh + pd) with [hh
"

2Ihhi if

h < and Ihhi
"

2[hh if h > and pd "
doublet plateau intensity, with pd " Pdmax x A29, pdmax

being the intensity maximum of the plateau and A29 being the angular difference between the

two lines. Thus, as observed in Figure is, the intensity maximum of the plateau depends on

the angular difference between the two lines.

3.5.2.2. "Plateau" Model Applied to the Triplets. As shown previously, a triplet is made of

two by two associated lines, thus the plateau model can be applied in the same way. The triplet
intensity could be expressed by: Itr,plot

"
(Ihki + [kh + Ihik + pt). For the sake of conciseness,

Ihki
"

Ii, [kh
"

12, Ihik
"

13, with Ii
#

12
#

13. Pt is the supplementary integrated intensity
between all the lines taken pairwise:

Pt " P12 + P23 + P13 With p12 " P12max X 1i2912> P23 " P23max X1i2923> P13 " P13max X 1~2913.

Since a doublet is a particular triplet, the supplementary intensity between the lines is assumed

to be the same in a doublet and a triplet: pt/Itr,plot
"

Pd/Idoubiet and p12 " P23 " P13 "
pt/3.

Thus, in a triplet, the three plateau maxima will have different values, depending on the angular
position of the middle line (Fig. 16).

The dissymmetry approach has shown that the doublet and the triplet could be analyzed in

the same way. No (hkl) plane family seems to be particular. This analysis well proves that

the character of the profile is coherent in the whole diagram. The plateau model confirms this

coherence and allows to bring a clear distinction between the diffractogram particularities of

such a tetragonal ferroelectric material from the diffractogram of a classical tetragonal material

without microdistortion.

3.6. "PLATEAU" MODEL A~ID STRUCTURAL DESCR~PT~O~I OF THE 90° DOMA~~I WALLS.

By these two approaches the particular profiles could be interpreted by an interplanar distance

distribution in the material. The plateau model shows that this distribution is constant and

the interplanar distance varies between the interplanar distances of the two counterpart planes.
The two counterpart planes could be deduced from each other by a mirror symmetry about

(101) or (011) planes. Also, two 90° ferroelectric domains correspond to each other by the

same mirror symmetry planes that are the boundaries between two 90° domains.

Thus, the symmetrical lines come from the diffraction of the ferroelectric domains whereas

the plateau comes from a
misfit boundary area between them. This interpretation suggests

that the 90° ferroelectric domain walls are not twin planes but misfit boundary area. The

thickness of these walls is proportional to the plateau intensity. The wall is built of crystalline
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Fig. 17. Plateau model and evolution of the crystalline lattice inside a
90° domain wall.

planes which interplanar distance varies from the hkl interplanar distance in one of the 90°

domain to the lkh or hlk counterpart distance in the adjacent domain (Fig. 17).

4. Quantitative High Resolution TEM Image Analysis

A transmission electron microscopy study has been carried out in order to cross-check by a more

localized investigation the approach by X-ray diffraction described above. First, conventional

TEM and electron diffraction have been performed to obtain an overall characterization and

localization of the domain wall structure as well as a long range measurement of the twin

angle in our material; then an original methodology based
on the quantitative analysis of

digitized HRTEM images has been developed in order to obtain a precise evaluation of atomic

displacements in the immediate vicinity of 90° walls [26].

4.I. EXPERIME~TAL Sintered polycrystalline BaTi03 was cut into 3 mm disks, mechan-

ically polished, dimpled and ion milled to obtain a sample transparent to the electron beam

Observations have been carried out at 800 kV on the Jeol Atomic Resolution Microscope
(ARM1000), and at 200 kV on a Jeol 200CX and a Topcon 0028. Samples observed at 800 kV

were carbon coated to prevent from charging under the electron beam. HRTEM original nega-
tives were scanned by use of a 6000 element C CD Leafscan 45 scanner connected to a Macintosh

microcomputer; 1024 x 1024 or 2048 x 2048 pixels digitized images were obtained and ana-

lyzed through the Digital Micrograph software. Digitization must be carried out ~§.ithout any
interpolation and must allow the description of an atomic column with 8~ to 10~ pixels. The

existing methods such as "template matching" has been proved not to be accurate enough to

detect atomic displacements at domain walls in our Inaterial. The calculation of the atomic

displacements was then carried out by means of specific subroutines which have been devel£ped

as "custom functions" derived from the "peak finding" technique.

4.2. CO~VE~T~O~AL TEM IMAGES. Figure 18a shows a typical view of 90° domain walls

in a BaTi03 grain observed with a transmission electron microscope at a low magnification.
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Fig. 18 a) Low magnification TEM image taken along a (100) zone axis showing 90° domain walls;
b) Selected Area Diffraction Pattern of the zone indicated by a white frame in Figure 16a, enlargement
of a part of the SADP to enhance the splitting of the (011) spots, cl High Resolution Transmission

Electron Microscopy imaging of the same selected area where the angle between the (001) planes across

the wall is indicated.

For (100) type orientations, two different diffraction patterns are found.

for the so-called a-a walls (when the a-axis is parallel to the electron beam for both
grain), the habit plane is parallel to the beam and the splitting of the reflections (0kk)
and (0k-k) is maximum, then the true long range twin angle can be measured and reaches

0.5° as can be seen in Figure 18b; this value is consistent with what is expected from the

tetragonal parameters obtained from X-ray diffraction and from general considerations

of crystallographic models for twinning;

for the so-called a-c walls (when the beam is parallel to the a-axis of one domain and to

the c-axis of the other) the habit plane is oriented 45° from the electron beam direction

and 13 associated with a fringe contrast; estimation of the twin angle from diffraction

patterns is then not straightforward.
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4 3. STA~DARD A~ALYS~S OF HRTEM IMAGES. Figure 18c shows a detail of the 90°

walls seen in Figure 18a imaged by the High Resolution imaging technique; one can observe

that going from diffraction contrast to phase contrast diminishes the intrinsic contrast of the

wall, which is in certain cases extremely difficult to locate. The 0.4° twin angle is nevertheless

found, even if the measurement is less easy than in the diffraction pattern. But a 4-5 nm wide

slight diffuse dark contrast (about 10 unit cells) associated with the wall can be clearly seen.

This has been observed in all HRTEM images of domain walls that have been taken.

Furthermore we systematically observed in BaTi03 a strong degradation of the spatial reso-

lution of the HRTEM images in the immediate vicinity of the walls. Since the distance between

the Ba atoms and the Ti atoms is very close to 0.2 nm, well within the excellent capability
of the microscopes we have been using (which resolution ranges from 0,16 for the ARM to

0.19 nm for the Topcon 0028)
we could expect routinely to separate the two metallic atoms

of the structure. We only succeeded to record such images far away from any ~§"alls as can be

seen in Figure 18c where the spatial resolution is better than 0.2 nm, allowing thus the Ba and

Ti lattices to be clearly seen whereas it is at best equal to 0A nm close to a wall.

Numerical diffractograms obtained from a Fourier analysis on 256 x 256 pixel areas (about
24 x 24 unit cells) centered on 90° walls reveal diffraction spots that are much more diffuse

than when taken away from the vicinity of a wall. Diffractograms taken from wider areas show

in addition the splitting due to the superimposition of the patterns relative to the two domains

as in the electron diffraction.

From these preliminary HRTEM observations, it can be inferred that the diffuse contrast

associated with the 90° walls could originate from'either local distorsions of the BaTi03 lattice

or the modification of the phase of the incoming electron wave by the local polarization. Since

the respective influence of these two contributions cannot be clearly distinguished on the ob-

served contrast, and owing to the fact that structural distortions have immediate consequences

on the local polarization, we assumed in this paper that the contrast associated with the walls

in HRTEM images was essentially due to local displacements of metallic ions in the BaTi03
lattice.

4.4. QUA~IT~TAT~VE A~IALYS~S OF HRTEM IMAGES

4.4.1. Principles and Experimental Conditions. We developed "custom functions" derived

from the "peak finding" method in order to quantify the atomic displacements of metallic ions

associated with the specific contrast of 90° walls in HRTEM images. The long term goal of

such an approach, well beyond the frame of this paper, is the evaluation of the behavior of the

polarization vector across the wall and consequently the direct calculation of the wall energy.

The "peak finding" method is based on the search of local maxima of intensity in a digitized
image; this is particularly easy in a HRTEM image provided that an atomic column is described

by a sufficiently large enough number of pixels. Since only the cell distortion is looked for, it is

not necessary to restrain the imaging conditions to the case where a column of atoms is only
white, or only dark: the important point is that the images display a sharp periodicity, black

or white, corresponding to the cations lattices. The Scherzer defocus imaging conditions will

possibly be chosen for it corresponds to the best stability of the microscope contrast transfer

function over a wide range of spatial frequencies, leading then to the same contrast for the

different types of cations columns in the BaTi03 lattice (see Fig. 19 for two different zone

axes). Even though it is not of prime importance to know whether atoms are black or white, it

is nevertheless absolutely essential to check that the experimental conditions (defocus, thinness)
remain stable within the whole area under considerations, i.e. there is no bending of the foil

or
differential thinning. Usually the areas which are analyzed are small enough to assume that
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Fig. 19. HRTEM images of BaTi03, corresponding contrast simulations on the upper left corners;

a) along (100); b) along (111).

such artifacts remain negligible and we have tried to study walls oriented perpendicular to a

hole in the sample in order to get rid of any thickness gradient across the wall (see Fig. 18a).
Defocus and thickness for the HRTEM images are to be carefully cross-checked in association

with contrast simulations.

Once the "peak finding" technique was adapted to the requirements of the HRTEM images
of the BaTi03 lattice, we carried out the different sequences of our "custom function" based

on the systematic comparison between a perfect lattice, created from a non perturbed region
of the HRTEM image, and the real lattice taken from the general view including the 90° wall:

taking into account pixelation noise as well as random displacements, the software translates

and superimposes automatically the ideal perfect lattice to the real distorted one by steps of one

reticular distance. For each step it makes the calculation of the translation vector corresponding

to the position of the centers of weight for both superimposed cells. Results are given under the

shape of maps where these displacement vectors are plotted, the direction and modulus of the

vectors being representative of the direction and intensity of the atomic displacements. The

accuracy then obtained is better than 0.01 nm. The validity of the technique has been verified

when applied to a large 100 x 100 nm area free of any wall: no significant atomic displacement

was found.

4.4.2. Results. Two examples of such a quantitative treatment are presented in Figure 20a

and 20b where one can see HRTEM images of 90° domains observed along a (100) direction;

the walls (indicated by white arrows) are barely located in the experimental images, but are

strongly revealed in the atomic displacement vector plots.
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Fig. 20. HRTEM images of 90° domain walls and the corresponding atomic displacement vector

plots, a) the map corresponds to the framed area m which the wall is arrowed; the defect on which

the wall is pinned is also indicated by white arrows; the perfect lattice has been generated from the

non distorted area m the upper right corner of the HRTEM image; b) the wall is hardly seen on the

HRTEM image, it appears clearly on the map where (100)
are given evidence.

The first and straightforward consequence brought by these 2D-displacement maps is a

direct and local confirmation of the structural interpretation given by the X-ray diffraction fine

analysis earlier in this paper: 90° domain walls in BaTi03 can no longer simply be considered

as twinning habit planes, but must be described as an area of a certain thickness (r~ 5 nm)
across which the cell parameters vary more or less continuously.
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Fig. 20. (Continued).
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But certainly the most striking result drawn from these maps is the possibility to access

the local configuration of the wall and ultimately features that reveal its interaction with

the microstructure. Thus Figure 20a shows how the (l10) wall is pinned by the dark defect

(arrowed) in the left hand side of the experimental micrograph: the displacements remain

roughly regular far away from the defect but clearly spread when the wall gets closer to it.

Correspondingly, the wall deviates from its standard (l10) plane. In Figure 20b, the wall

is less regular and although its general direction remains parallel to (l10),
one can observe

zig-zag features which could absolutely not be detected in the micrograph. They are easily
interpreted in terms of (100) facetting, a configuration which has never been taken into account

by theoretical models. Then, energy calculation as well as mobility evaluation must significantly
differ from reality: for example, the usually unfavorable "lateral movements" of the domain

wall are probably facilitated by this facetting at the expense of the "tip movement" that we

have previously observed by the application of an in sit~ electric field in a TEM [6, 27].

4.4.3. Comparison with the Theoretical Models. Relying on a first order "square-rectangle"
phase transition prediction [28], we adapted a "soliton" displacement solution to fit the ref-

erence ideal tetragonal lattice created from a non-distorted area of our experimental images.
The solution is then directly comparable to the displacement vector plots. It is to be noticed

that this model takes only into account a pure ferroelastic transition (the order parameter
being strain) without considering the polarization. In spite of this approximation, this choice

has been preferred since, as we have already indicated, we do not know how to distinguish the

effects relative to the variations of the polarization as well as those of atomic displacements.

Furthermore, in order to verify the validity and the accuracy of the quantitative analysis of

HRTEM images, we have created an atomic model, corresponding to the above soliton solu-

tion, that we have introduced into a contrast simulation software [29]. The HRTEM theoretical

images obtained were then treated through the methodology described above: it led to atomic

displacement vector plots in total agreement with the direct calculation of the soliton solu-

tion (Fig 21). It is then inferred that the technique developed here performs the real local

measurement of the 2D-atomic displacements associated with a 90° domain wall.

Finally, comparing Figures 20 and 21, one can immediately observe that the real 90° domain

wall structure generally does not correspond to a certain kind of theoretical models: clearly the

extension of the lattice perturbations extends farther than what is predicted and irregularities

are very frequent. Moreover, the displacement vectors are not as parallel to the walls as could

be expected, suggesting that perhaps the distortion of the cells across the walls is not isotropic.

5. Summary and Conclusions

The most striking conclusion resulting from this two-pronged work is the perfect convergence
for the structural interpretation of what is a 90° domain wall: XRPD brings out structural

information about the ferroelectric domain microstructure that is perfectly cross-correlated by
the quantitative local HRTEM approach. The 90° domain walls cannot be considered only, as

twin habit planes, but rather as misfit boundary areas. This new description of domain walls

is in agreement with all the observations provided by the studies involving a change in the

BaTi03 ferroelectric microstructure. From our results it is concluded that a "quasi lD soliton

solution" is far too simplistic and does not describe satisfactorily the structure of domain walls

in BaTi03. Attempting to describe the phase transition by a 3D solution remains an exciting
challenge.
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Fig. 21. Calculated vector plot of a theoretical description of a
90° ferroelastic wall by the "soliton"

solution; the origin of the model is located in the lower left corner; the quantitative treatment of a

simulated theoretical HRTEM image based on this description gives the same map.

Concerning the XRD approach, the outlook of this work is to propose a theoretical calculation

of the BaTi03 XRD diagram taking into account as much as possible the ferroelectric domain

microstructure which has been observed by microscopy and quantitative HRTEM analysis.

The quantitative HRTEM approach presented here can be easily applied to other ferroelectric

materials and even to other materials for which HRTEM images can be recorded. Starting

from this analysis, some of the present authors are attempting to evaluate the variations of the

polarization vector across the walls in order to have access to energy calculations.
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