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ABSTRACT 

The domain configurations in lanthanum modified lead titanate 

ferroelectric ceramics have been studied by transmission electron 

microscopy, in both the conventional and analytical modes. Results 

indicate a preponderance of {110}, twin related Q0° domains of equilibrium 

width approximately 400 A. This value is independent of grain size above a 

critical value, and is consistent with values derived from consideration of 

elastic strain energy. Below this critical value (approximately 400 A), single 

domain grains are found. A domain wall energy of 10 ergs/ cm2 was 

calculated based on this observation. Such domains also occasionally 
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display multiple twinning, also among {110}. 

In addition, {100}, 180° domains are found, which display 

crystallographic misorientation of less than 0.5°. 

The reversibility and observed microstructure of the 

paraelectric to ferroelectric phase transformation strongly resembles that 

observed in martensite. 
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I. INTRODUCTION 

Ceramics of the CaTi03 (perovskite) type crystal structure have 

solicited interest due to their piezoelectric properties (generation of a 

voltage with an applied stress, and, conversely, a strain with an applied 

voltage), which render them applicable to a variety of devices [lj. 

Recently, attention has been paid to such materials due to their 

· ferroelectric properties, i.e., the presence of a reversible spontaneous 

polarization in the absence of an applied electric field [2J. Such properties 

arise from Ti and 0 ion displacements affecting a distortion or the unit 

crystal structure, resulting in the creation of electric dipoles. Lead titanate 

(PbTi03) forms the pure ferroelectric end or the Cerroelectric

antiCerroelectric solid solution series PbTi03-PbZr03 (PZT), which is of 

considerable interest in various piezoelectric applications, such as 

transducers. To Corm a useful polycrystalline ceramic device, one relies on 

the ferroelectric properties or these materials to align the generally 

randomly oriented electric dipoles in individual grains, a process called 

poling .. In this process, a large electric field (200 kV /em, or greater) is 

applied to the ceramic, inducing an alignment of these electric dipoles in 

the field direction. Since a shape change accompanies this process, the 

mechanical stability of ceramics undergoing this process must be 

considered. 

The materials under study include three compositions of 

lanthanum modified lead titanate. Specific compositions are shown m 
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Table 1. Lanthanum is added to aid in the aforementioned poling 

operation, through a reduction in the c/a ratio in the ferroelectric st~te 

(see Table 1). In unmodified PbTi03, c/a = 1.06, resulting in structural 

instabilities. La +3 is also known to inhibit grain growth via modification of 

grain boundary mobilities, resulting in an alteration of the densification 

rate [3,4] and to reduce the internal bias field, which occurs by charge 

compensation mechanisms which produce variations in the lattice defect 

structure (induced by ·donor character of La +3) and/or by modifying 

properties of intergranular boundaries (5,6). The latter is related to aging 

effects on piezoelectric properties. 

Lead titanate, possessing a perovskite crystal structure, can be 

represented as a simple cubic lattice with a motif of five atoms per lattice 

point (F.gure 1). Thus, all reflections are permitted in the electron 

diffraction pattern, albeit not all at the same intensity (Appendix 1). 

Above the transition temperature, T C (Curie Point), the material is cu hie 

(paraelectric), point group m3m (Figure 1). Below this temperature, 

however, it suffers an elongation of the c ( < 100 >) axes in transforming to 

the tetragonal phase, point group 4mm. As a consequence of this 

transformation, electric dipoles arise and the material becomes 

ferroelectric. The strain generated in this transformation is relieved v1a 

the formation of twin related structural (ferroelectric) domains. In 

addition, non-structural ferroelectric domains in which the polarization 

vector is reversed in adjacent domains can arise to minimize local 

depolarization energy. Since piezoelectric properties are dependent on he 

4 



IJ 

... 

I, .. 

arrangement of these domains, it is of interest to study their formation and 

configurations. 

The observation of ferroelectric domains and domain walls in 

materia~ or the perovskite structure has been reported in the literature. 

Early studies on BaTi03, utilizing optical birefringence techniques [7,8,Q] 

revealed the existence of both goo and 180° domains. Due to the limited 

resolution or such techniques, however, measurements of domain and 

domain wall thicknesses tended to overestimate these values ("" 1 I-LID and 

1000 A, respectively). Later studies or BaTi03, utilizing transmission 

electron microscopy [10,11] showed that the goo walls were twin related 

and lie on {110) planes and that 180° walls generally lie on (100) [12]. 

Domain thicknesses were then evaluated to be on the order of a few 

hundred angstroms, with the wails ""100 A. Similar results were later 

obtained for Pb {Ti, Zr) 03 [13] and PbTi03 [12). Such accounts, while 

relating the crystallography of (especially) goo walls, have rarely discussed 

the observed domain widths or width ratios on a quantitative or 

semiquantitative basis. 

The object oC these studies was to characterize the nature and 

crystallography of these ferroelectric domains. In addition, examination or 

the paraelectric to ferroelectric phase transformation was undertaken. 

Transmission electron microscopy in both the conventional (bright 

Cield/dark Cield imaging and selected are diffraction) and analytical 

(convergent beam electron diffraction and X-ray energy dispersive 

spectroscopy) modes has been utilized as the primary tool Cor 
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characterization. Results are compared with martensitic phase 

transformation microstructures. 
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U. EXPERIMENTAL PROCEDURES: 

2.1 Sample Processing: 

Samples were weighed according to the formula Pbl-l.SxLax Ti03 

+ 0.5x PbO, using high purity PbO (QQ.5%), Ti0
2 

(QQ.7%) and La
2
0

3 

(QQ.QQ%). Specific compositions are listed in Table 1. C/a values and 

Curie temperatures are listed there as well. The 0.5x PbO was added to 

compensate Cor loss of PbO during firing. The mixed powders were 

calcined at Q00°C Cor two hours in air, followed by alumina ball milling in 

a polyethylene container Cor five hours. The milled powders were pressed 

into cylinders (20mm thick by 25mm diameter) under a pressure of 108 Pa. 

Hot pressing (0.13 Pa) ensued in an inert atmosphere (up to 800°C) and in 

an oxygen atmosphere (over 800°C) at 1180-1250°C Cor one hour. Further 

details or the processing can be round in (14J. As received(!), bulk samples 

consisted of polished rectangular slabs, approximately 1cm X 1.5cin X 2mm. 

2.2 Specimen Preparation: 

Transmission electron microscopy (TEM) specimens were 

prepared by first cutting 3mm disks with an ultrasonic grinder. These 

were mounted onto a thick glass slide with low melting point ( 140°C) 

thermoplastic wax and mechanically polished (using number 240-600 grit 

SiC paper) to a thickness of approximately 40 microns. Following removal 
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from the glass slide, residual wax was dissolved from the specimen usmg 

acetone. Samples were then mounted on 3mm oval hole copper grids using 

a liquid adhesive containing colloidal silver in suspension and ion (Ar+) 

beam milled. Since milling conditions are specimen specific, considerable 

trial and error was involved in the selection of optimal parameters. 

Nominally, these included dual gun milling at 6kV, 20° gun tilt and total 

gun current of 0.3 milliamperes for 12-14 hours, until initial specimen 

perforation, followed by a 5kV, 15°, 0.2 milliamperes mill for 

approximately 8 hours. Finally, a 5kV, 10°, 0.05 milliampere, 1-2 hour 

milling was done to remove any surface damage due to milling at the 

higher voltages, and to increase the electron transparent regton. Since 

these materials are largely thermal insulators, specimen heating in the ion 

beam can reach several hundred degrees Celsius. Thus, materials with 

Curie temperatures in this range (see Table 1) were milled in a liquid 

nitrogen cooled holder. In cases where specimen electrostatic charging was 

a problem, a thin coating of carbon (5~100 A) was evaporated on the 

sample prior to microscopic examination. However, this was not normally 

necessary. 

Specimens for scanning electron (SEM) and optical microscopic 

examination consisted of the aforementioned 3mm disks etched in hot 

(400-450°C) phosphoric acid (85%). A thin film of gold was evaporated 

onto SEM specimen to render them conductive. These same 3mm disks 

(not etched) also served for X-ray diffractometer and microhardness 

studies. 
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.2.3 Electron Microscopy: 

Conventional transmission electron microscopy bright 

field/dark Cield imaging and selected area diffraction (hereafter SAD) 

techniques were done on a Phillips 301 electron microscope operating at 

100 kV. Controlled atmosphere (Ar-N2) specimen heating experiments 

were performed on a Hitachi HU-650, operating at 500 k V and a Kratos 

EM 1500, operating at 1500 kV. TEM analytical microscopy (convergent 

beam electron diffraction (CBED) and X-ray energy dispersive 

spectroscopy (EDS)) was undertaken on a Phillips P 400, nominally 

operating at a 100 kV. Scanning electron micro~copy was done on an lSI 

model DS-130 and SEM X-ray microanalysis on an AMR model 1000, both 

operating at 20 kV. 

2.4 Other Techniques: 

Lattice parameter determination was m·ade usmg a Siemens 

model 500 X-ray diffractometer. Microhardness (Knoop) indentations were 

made on a Zwick model 3212 indenter and measured on a Carl Zeiss model 

6455Q optical microscope. Measurements of domain wall thickness were 

made on a Grant Instruments spectrum line measuring comparator coupled 

to a Tektronics type RM 503 oscilloscope, giving a precision of 0.1 micron. 
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1. Supplied courtesy Professor K. Okazaki, Department of 
Electrical Engineering, The National Defense Academy, 
Yokosuka 23Q, Japan. 
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m. EXPERIMENTAL RESULTS: 

3.1 General Microstructure (Cubic Samples): 

Sample grain size was determined via scannmg electron 

microscopic examination of samples. As shown in Figure 2, at this level of 

resolution, the grain structure appears of uniform size distribution. Using 

the Jeffries Planimetric method (15], the mean grain size of all samples was 

determined to be approximately 1.75 microns, which is consistent with 

results obtained elsewhere (7], and is considerably less than that reported 

for lead zirconate-titanate solid solution (13). As mentioned in the 

introduction, it is well known (3,4) that La3+, added as a substitutional 

impurity, effects a reduction in the grain size. X-ray diffractometer lattice 

parameter measurements yielded a value of 3.Q4 + 0.01 A for the cubic 

phase. 

3.1.1 Defect Structure: 

TEM examination (Figures 3a-c) reveals the presence of smaller 

(less than one micron diameter) grains, often with curved boundaries. One 

must bear in mind that grain structures observed in the TEM represent a 

two-dimensional section of the three-dimensional structure. Thus 

apparently non-equilibrium odd-shaped grains with fewer than the 

equilibrium six sides [16] can appear. Curved boundaries, however, do 

11 



have physical significance and are seen to be the source of grain boundary 

dislocations (arrowed in Figures 3a and c). These dislocations are spaced 

approximately 200 A apart and generally result [16, 17] from either 

homogeneous deformation of symmetric grain boundaries or, more likely, 

irregular migration of grain boundaries during recrystallization and grain 

growth. The presence of such interfacial dislocations suggests the absence 

of any intergranular amorphous phases at the boundaries. Such phases (i.e. 

PbO) have been found in, for example, PZT [13J. 'The bowing out of an 

initially straight symmetric tilt boundary produces grain boundary 

dislocations of opposite sign and in equal numbers. At some critical angle 

of bowing, these grain boundary dislocations may coalesce into a pair of 

ledges such as those in Figure 3c. As shown, these ledge areas are regions 

of large strain contrast and readily nucleate dislocations, resulting in 

stacking faults or microcracks. Such extended defects (stress raisers) are 

important as domain nucleation sites and also act to inhibit the poling 

process by restricting domain wall motion. 

3.1.2 X-ray Microanalysis: 

Results of SEM X-ray Energy Dispersive Microanalysis are 

listed in Table 2. In general, elemental compositions (especially Ph) agree 

most closely with those computed via the stoichiometric composition, 

Pbl-l.SxLax Ti03, without the excess 0.5 x PbO. Thus there remains little 

excess PbO in the bulk samples, as received, which is consistent with the 

12 
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lack of experimental evidence of amorphous PbO, mentioned above. As 

mentioned in 4.5.2, determination of compositional profiles in the TEM is 

complicated by Pb diffusion or evaporation in the electron beam . 

.;'. 

•t! 3.2 Domain Structure {Tetragonal Samples): 

Although room temperature samples utilized in this experiment 

consisted of two different compositions, and, consequently, cfa ratios (see 

Table 1), no significant difference in the domain structure was observed 

between the two. Thus, results reported below are valid for both 

compositions. 

3.2.1 90° Domains: 

The majority of domains found in this material are of the 90° 

type, in which the polarization (c) axes in neighboring domains are oriented 

approximately perpendicular to each other, as discussed in section 4.1.2. 

Figure 4a shows inclined domain boundaries imaged in the bright field. 

Such are best imaged at higher accelerating voltages, where electron beam 

penetration of samples is enhanced (18]. The symmetry characteristics of 

the first and last fringes and the variation of the fringe spacing across the 

boundary are representative of delta fringes, which arise as a result of a 

change in diffraction deviation parameter, s, across an inclined coherent 

boundary [19]. The arrows indicate the direction of the polarization (c) 



axes m each domain, determined via consideration of the symmetry (i.e. 

bright or dark contrast) of the first and last fringes in the bright field 

image (Figure 4a) and a dark field image of known operating diffraction 

vector, g (Figure 4b ). This determination is discussed in Appendix 2. 

Confirmation of the twin nature of such domains has been 

accomplished via bright field-dark analysis. In Figures 5c and 5d are 

shown dark field images of adjacent domains (Figure 5a), taken utilizing 

the arrowed, twin related diffraction spots in Figure 5b. This diffraction 

pattern is composed of two variants which make an angle of approximately 

goo about the common c axis. In reality, twinning reorients the lattice of 

each tetragonal cell by nearly goo, the angle ( t) subtended by the split 

spots being determined by the cfa ratio of the sample (see section 4.1.2). 

Similarly, a convergent beam pattern across two or more edge-on domains 

will exhibit a displacement of its higher order Laue zone (HOLZ) rings 

(Figure lOf). Experimental measurements of sample diffraction patterns, 

measured at high order g, where the splitting is greater (proportional to ng 

where n is the order of diffraction and g is the diffraction vector) indicate 

an angle of approximately 1°, while convergent beam patterns indicate f = 

1.5°. These compare to f = 0.7°, calculated from known cfa ratios (see 

Table 1). Since each twin reflection originates from only one domain, that 

which does not produce a given reflection must appear dark in a dark field 

image taken utilizing that reflection. The bright contrast observed in 

Figures 5c and 5d verifies that adjacent domains are twin related. Note 

also the large single domain near the free surface, which is characteristic of 

14 
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thin regions or the sample. It has been suggested [2] that when the crystal 

thickness approaches the domain wall thickness (section 3.2.3), the 

depolarization energy (section 4.2.1) can no longer be minimized by domain 

formation. Alternatively, one can consider the cubic to tetragonal 

transformation strain to be relieved without the need for twinning in these 

regions (see section 4.7.1). 

Examination of domain junctions across grain boundaries at 

high magnification reveals general one-t~ one correspondence, (Figure 6 ). 

This occurs since the electrostatic energy is minimized when the domain 

distribution in each grain is closely related to that of neighboring grains. 

Verification of the goo nature of these domains was obtained 

through the use of microdiffraction techniques. Figure 7 shows 

microdiffraction patterns (probe size 1000 A}' taken from within a single 

domain and astride a domain wall. As shown, diffraction spot splitting is 

observed across (110) in the latter case alone, verifying the goo relationship 

between these domains. Reciprocal lattice points will, in general, superpose 

in a diffraction pattern taken across a 180° wall (see section 4.1.2). 

3.2.2 Domain Width: 

The apparent width of goo domains as imaged, was determined 

from· measurements of electron micrograph negatives, using an optical 

comparator. Results derived from measurements or grains in the interior 

or the sample indicate an equilibrium domain width on the order of 500 

15 
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A. One should be cautioned as to experimental measurement error ( + 0.1 

micron) and to uncertainties of the degree to which the domains imaged 

are • edge-on •. This width is determined only by the c /a ratio and is 

independent of the grain size about a critical dimension (section 3.2.6), a 

result arising from the minimization of the total Gibb's free energy of the 

transformed (tetragonal) phase (section 4.2.2.1). 

-The width ratio of adjacent domains was found to lie in the 

range of 1.5 to 2.0, which is consistent with values derived from existing 

theories of artensite [20J (section 4.1.1). In regions near the free surface of 

the sample, however, domain width ratios can be much larger. In very 

thin regions of the TEM foil (Figure 5c ), single domains can prevail, as was 

mentioned in section 3.2.1. 

3.2.3 Domain Wall Thickness: 

Figures 8a-d represent a determination of Q0° domain wall 

thickness. As shown (Figure 8a), the determination of this parameter from 

the bright field micrograph is ambiguous, due to difficulties in determining 

the precise start and end points of the wall. However, one can take 
-~--' --~---- ----

advantage of a violation of Friedel's law [1Q,21] by dark field imaging in a 

non-systematic orientation, that is, +g and -g not equally excited (Figure 
Cl 

Qb). The thin bright region (arrowed) in both dark field micrographs 

(Figures 8c and 8d) represents a region common to both domains, the wall. 

When tilted for minimum width, optical comparator measurements of this 



regton reveal a wall thickness of approximately 40 A, less than values 

reported for PZT (13] and on the order of cited values for barium titanate 

(2], both ferroelectrics with the perovskite structure. 

3.2.4 Mosaic Domain Structure: 

Domain structures in these materials can appear to be quite 

complex, even within a single grain, as depicted in Figure Q. In this figure, 

one observes distinct •cells• of domains meeting along grain boundary-like 

walls. Such cells are small (approximately 1 by 5 microns). It will be 

noticed that Bragg diffraction spots are split in two directions (arrowed in 

Figure g inset), corresponding to spot splitting across both (Oil) and (110). 

Such indicates twinning on these plans. Experimental convergent beam 

electron diffraction results from such cellular regions (Figures lOa-c) reveal 

a misorientation of approximately one [100] g vector. Such configurations 

[22] result from nucleation and growth to impingement at multiple sites 

most likely in regions of high defect density. Figure 11 shows a particular 

striking example of this· effect. The absence of dislocations or stacking 

faults in these boundary regions suggests that such are coherent in nature. 

3.2.5 Substructural Twinning: 

Figure 12 illustrates the substructural twinning phenomenon 

which is seen to arise in regions of high strain in the sample. In such 

17 



regions, the pr1mary twin itself acts as a tetragonal inclusion that 

undergoes twinning, as per section 4.1. Such configurations are extremely 

sensitive to electron beam heating effects (section 4.7.2), and readily 

dissipate under an intense beam. These fine (approximately 0.015 micron) 

domains are seen to lie within {110} transformation twins and, although 

difficult to experimentally tilt to an • edge-on • orientation, do also appear 

to possess ( 110) composition planes. Due to the close spacing of these 

lamellae, spot splitting about these planes cannot be resolved in the 

electron diffraction pattern (inset of Figure 12). Similar. microstructures 

have been reported in C-Ta [23J, AuCu [24] and Zr02 (25]. 

3.2.6 Minimum Grain Size for Twinning: 

Figures 13a and 13b display the lack of or partial twinning 

characteristic of grains less than or equal to approximately 0.3 microns in 

size, independent of shape. Extensive specimen tilting experiments have 

confirmed that this observation is not a contract effect, that is, domains 

are not just out of contrast. It has been previously postulated [26J that 

there exists a minimum grain size below which domain formation is 

energetically disadvantageous. It is of interest to determine if such small 

grains (Figure 14a) represent untransformed (cubic) or transformed 

(tetragonal) phases. For this purpose, convergent beam electron diffraction 

was utilized. Figure 14b shows the lm symmetry displayed in the [112] 

CBED pattern obtained from such a small grain (Figure 14a). Such 

18 
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symmetry is characteristic of a 4mm (tetragonal) rather than a m3m 

(cubic) point group material [27J. Thus these phases are indeed 

transformed. 

In section 4.3.2, it is show that, usmg this observation, a 

calculation or the domain wall energy based on a balance or the 

transformation strain and the twin surface energy yields a value consistent 

with those cited in the literature for similar materials. This further attests 

to the validity or the observation. 

3.2.7 180° Domain Walls: 

In addition to the goo domains mentioned above, 180° domains 

are also present in the non-centrosymmetric ferroelectric phase. Such 

domains consist of regions of antiparallel polarization vectors (c axis). 180° 

domain walls can be observed in the bright field if the c axis is nonparallel 

to the electron beam, or in a multibeam dark field, us~ng a g parallel to the 

c axis or with some component in the c direction. In contrast to previous 

studies on PZT [13J, such walls are commonly seen in this material. 

Typically, such domain walls take the form of a z1g-zag 

structure (Figures 15a and 15b ), often crossing goo domains. Evidence for 

the 180° nature of these structures is offered in Figure 15, which represents 

the same grain as that depicted in Figures 8a-d. One can test for 180° 

walls as follows. Since the 180° walls are enantiomorphic boundaries, there 

should be a contrast difference across a 180° domain wall imaged in a dark 

19 
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field micrograph taken under a multibeam diffraction condition when the c 

axis is not parallel to the electron beam [2lj. This is shown in plain view 

in Figure 15a. Trace analysis indicates that these walls zig-zag about 

<UO>, on {100}. This is consistent with a <100> elongation. In 

contrast to the goo domain wall case, one can measure the wall width from 

the bright field image alone. Experimental measurements yield a wall 

width of approximately 40 A. The lack of a fringe contrast at such 

boundaries for various angles of tilt indicates that the polarization axis is 

nearly coincident with the c axis of the crystal. 

The precise nature of these walls is not adequately described in 

the literature. The continuity of bend extinction contours, in contrast to 

the goo wall case, (Figures 7a and 17a) indicates that if there is any 

orientation difference across such walls, it is sma]. Based on experimental 

CBED experiments, the orientation difference across such boundaries, if 

any, is less than 0.5°, (Figures lOd and e). The apparent width, then, 

arises primarily from electron beam defiection by the electric field of the 

sample in this region [18J. In section 4.3.2, this experimentally measured . 

wall width is used to estimate the local electric field in the vicinity of the 

wall. Attempts at resolving the structure of these and the goo wall regions 

utilizing STEM microdiffraction techniques (probe size 40 A) have proved 

to be unsuccessful, rendering high resolution imaging necessary. 

• 
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3.3 Ferroelectric-Paraelectric Phase Transformation: 

Figures 16a-c show the results of heating the sample through 

the ferroelectric-paraelectric (tetragonal-cubic) phase transmission, in-situ. 

As shown, the domain configuration above and below the transformation 

temperature IS quite similar, indicating a reversible behavior. 

Qualitatively, the transformation proceeds very rapidly, with domains 

operating and disappearing in a matter of seconds, rendering the 

observation of domain wall motion very difficult. Both of these eCCects are 

characteristic of martensitic transformations [28]. Such have been 

proposed for La1_xSrxCo03 [2Q] (cubic to rhombohedral) and BaTi03 [30] 

(cubic to tetragonal) paraelectric to ferroelectric transformations. It should 

be noted that the ferroelectric domain structure is virtually gone by 225°C, 

as read via a platinum-rhodium thermocouple attached to the specimen 

holder. This contrasts with the reported value of 335°C for the Curie point, 

as determined by electrical measurements (dielectric constant versus 

temperature) on bulk samples (14], and indicates that thin foil effects are 

present. 

Thin foil effects become extreme when studying the room 

temperature cubic sample (T C around 0°C). When such a sample is 

observed at temperatures considerably below the Curie point (-1Q0°C), the 

phase transformation appears to be suppressed. In fact, such a low 

temperature phase at first eluded observation, prompting suggestions that 

the transformation proceeded very slowly. Further observations at low 
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beam currents, for instance by usmg a small (50 micron) condenser 

aperture have revealed such transformed structures (Figure 17a). The 

convergent beam electron diffraction pattern obtained from this phase 

(Figure 17b), however, displays characteristic symmetry elements o( the 

cubic m3m point group in this [110] orientation [27]. Thus the sample has 

transformed in the converged ( 400 A) electron beam. Qualitatively, one 

can observe the domains retract to the grain boundaries when the electron 

probe is converged, even with the aforementioned small condenser aperture 

in place. Such thin Coil e(Cects, including specimen beam heating will be 

discussed in section 4. 7. 2. 
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V. DISCUSSION: 

4.1 Crystallography of Structural Phase Transformation: 

4.1.1 Real Space Lattice: 

. As the cubic (paraelectric) phase lS cooled through its 

transformation temperature (Curie point), the unit cell deforms, involving 

a lengthening in the direction of the polar (c) axis, the <001> cubic phase 

directions. This transformation can be described as the creation of 

coherent interfaces between the high symmetry (cubic) parent and the 

lower symmetry (tetragonal) product phases. Such coherent interface 

formation produces severe elastic strain owing to the lattice matching 

process. If one considers a tetragonal inclusion in a cubic matrix, the bulk 

free energy of the inclusion is minimized [31] when: 1). the transformation 

strain is an invariant plane strain and 2). the habit plane of the inclusion is 

parallel to the invariant lane. The stress-free fitting together of parent and 

product phases is accomplished via the formation of twin related structure 

domains in the low symmetry (tetragonal) phase. In such a configuration, 

the sign of the strain reverses in going from one twin to another along the 

habit plane. This means that the elastic strain energy is lowered if the 

tetragonal plates are inclined to contain a direction in the interface in 

which the transformation strain is zero. This defines a plane of zero 

average distortion (invariant plane) [20]. 



The requirement that the habit plane be one of zero average 

distortion defines a crystallographic problem with a unique mathematical 

solution for the habit plane orientation (normal ( n) and tangential ( 1) 

directions). For a (001) elongation, we obtain [20J: 

n = 

1 = 
( 

I ell 
0 

+ e33 ° I ) 
0 0 0 ' 0, 

I e 11 + e 33 I + I e 11 I 

where: 

in the transformation from cubic (a,a,a) to tetragonal (a',a',c) axes. Now 

for a complete cancellation of the transformation strain, it is necessary for 

the volume of the unit cell to remain constant. If we assume that the 

number of atoms per unit cell remains constant, we can set ~ll 0 = -0.5 

~33 °, and the above orientation reduces to: 

n = {1/(2)0·5,0,1/{2)0·5)11{101) 
and 

1 = (101) 

To cancel the transformation strains, exactly, involves four equal shears of 

magnitude -t/2 on these twin systems [22]. 
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The resulting microstructure is depicted schematically in 

Figures 18a and 18b. In Figure 18a, we observe a one dimensional 

distribution of tetragonal precipitates within a sandwich composed of 

regularly space alternating ( 110) layers. In this scheme [31], each layer is 

seen to be occupied preferentially by monodomain precipitates, for example 

[100], whereas the layer nearest to it is occupied, by precipitates with a 

twin related tetragonal axis direction (e.g. [010]). The relative amounts of 

the two twins (domains), X and 1-X, can be determined from the following 

expression, derived in [20). 

where: 

and 
,.,1 = a'/a and ,.,2 = cja. 

In the present case, assuming a contraction along two cube axes equal to 

one half of the elongation of the third (c/a = 1.025), we obtain domain 

width ratios of l.Q6 and 1.74 for the cja = 1.028 and c/a = 1.025 

materials, respectively. This is consistent with observations cited in section 

3.2.2. 

The situation is further complicated by the fact that in the 

three dimensional structure, < 100>, three elongation directions are 

possible. This results in six possible twin systems, (110) [1l0]. Thus 

complicated domain configurations can arise. Figure 18b depicts such a 

situation schematically. 
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4.1.2 Reciprocal Lattice: 

As discussed in section 4.1.1, the cubic to tetragonal phase 

transformation can be described in terms of an invariant plane strain. In 

general, information concernmg th-e distortion during the phase 

transformation of crystal lattice planes is contained in the reciprocal lattice 

and the obtaining of such information reduces to the determination of the 

reciprocal lattice rearrangement caused by crystal lattice rearrangement. 

In general, the distortion of the reciprocal lattice due to displacement of 

reciprocal lattice points by an invariant plane strain describes an invariant 

plane in the reciprocal lattice as well [31] (see Figure 1ga). The 

displacement is always colinear with the vector n normal to the invariant 

plane. This displacement can be written in vector form as: -

.d HM = (-n E d*(l)/(l+nl)] m 

where m is the order of the reciprocal lattice plane, d*(l) is the interplanar 

spacing of parallel planes normal to 1, E is the strain, 1 is the shear 

direction in the reciprocal lattice. 

The situation is depicted m Figures 1ga and 1gb. Thus all 

reciprocal lattice points lying in the mth plane undergo the same 

displacement. Also, all crystal lattice planes corresponding to the 

reciprocal lattice points that lie perpendicular to 1 are not affected by the 

invariant plane strain. 

Now one may visualize a diffraction pattern viewed through a 
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foil comprised of alternating domains as arising via a superposition of the 

reciprocal lattices of the adjacent domains. Clearly, in the case of 180° 

domains all spots would be expected to superpose, while in the case of the 

goo domains a spot splitting is observed (Figure 1gb). In this latter case, 

the tetrago~al deformation causes the angle between the c axes in adjacent 

crystals to deviate from goo by an angle f. From Figure 1gc, this angle can 

be expressed as: 

c/a = ctn f 

Thus we can write: 

= ctn (45°- f) = tan (45° + E) 
= [(1 + tanE)/(1- tanf)J 
= (1 + f)/(1- E) = 1 + 2f. 

2f = ~ a/ a, where c = a + ~a. 

This represents the angle subtended by the split diffraction spots at the 

center of the reciprocal lattice, that is, the diffraction pattern. Therefore, 

measurement of the spot splitting provides one with information on the 

tetragonality of the sample. In these materials, E = 0.7° when calculated 

from known c/a ratios (table 1). In this case, this deviation from normality 

of the c axes of adjacent crystals gives rise to a difference in diffraction 

deviation parameter(s) across the boundary of magnitude (Appendix 3): 

s = 2hf/a 

where c/a is the tetragonal distortion and h is an index of the (hkO) 

reciprocal lattice plane nearly parallel to the foil plane. This deviation 

parameter gives rise to characteristic delta fringe contrast at domain 

boundaries (section 3.2.1) whose detailed nature requires computation [lgj. 

A similar effect arises when considering a convergent beam 

electron diffraction pattern. Consider the Ewald sphere construction in 
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Figure 20a. It has been shown [32] that one can relate the radius of the 

first order Laue zone (FOLZ) ring to the sample reciprocal lattice spacing 

parallel to the electron beam, H, as: 

G = (KH)o.s, 

where G is the radius of the FOLZ ring in reciprocal space and K is the 

reciprocal of the electron wavelength. From geometry: 

H = K - (K2 
e (RK/L )2)0·5, 

where R is the FOLZ ring radius, as measured on a micrograph negative 

and L is the camera length. Now, consider the case of a CBED pattern 

taken across two or more adjacent 90° domains. Due to the small 

misorientation, mentioned above, the projected reciprocal lattice vector 

along the electron beam direction of the second set of domains, H2, is 

shorter than that of the primary set, H1 (Figure 20b ). This results in a 

shift of the FOLZ ring, x, arising from tlie second set of domains with 

respect to the first. From geometrical considerations, one can see that: 
sinE= xjH1, 

where E is as defined above. Thus, the angle E can be measured from this 

displacement. 

4.2 Electrostatic Domain Configuration: 

4.2.1 Domain Width: 

A net dipole moment per unit volume or polarization, P E' can 

anse m a ferroelectric material from the polarizability of the material in 



the presence of an externally applied electric field, E, and can be expressed 

as: 

PE =X E, 

where x is the electric succeptibility, and from spontaneous alignment of 

dipoles in the ferroelectric state, P 
8

• We define the electric displacement 

vector, D, as: 

D = E
0 

E + P, 

where E is the permittivity or Cree space. 
0 . 

In the absence or an applied electric field, the static 

ferroelectric domain configuration is obtained by minimizing the total Cree 

energy of the crystal. If we make the assumption that D (equal to P 5 with 

E = 0) is directed alone of the crystallographic axes, that stresses are zero, 

and that the nonpolar (paraelectric) phase is centrosymmetric, we can 

express the Gibbs Cree energy in the form [2]: 

G = {a/2)D2 + b/4)D4 + (c5/6)D6 + ... , 

where a, 'T and c5 are temperature dependent parameters. The above is 

valid for perfect single crystals. When dealing with a polycrystalline 

material, we must consider spatial changes in P 5, and thus D. In this case, 

the free charge density, p, must satisfy Poisson's equation: 

V·D=p, 

or 

where E is the dielectric constant or the material. Thus - V · P s acts as a 

source for an electric field, the depolarizing field, where it is nonzero. This 

can occur, for instance, at the surface or at defects. This depolarizing 

field, 
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WE= [ DEdV, 

where V is the crystal volume, can be compensated by the fiow of free 

charge, 

pF= fottrEdt, 

where <r is the conductivity and t is the crystal thickness. Alternatively, a 

buildup of charge on the free surfaces of surrounding media ensues. 

The requirements in terms of free charge density necessary to 

ensure single domain formation have been estimated in (33] as follows. 

From the Poisson relation we have pB = -'V·P5 as the source of the 

depolarizing field within the ferroelectric. Considering a one dimensional 

model iD which the polarization changes from P s in the bulk of the 

ferroelectric phase to zero at the habit plane in a distance >., taken as one 

half of the domain wall width, we obtain Pa = P 5/>.. Now, if there exists 

sufficient free charge, pF, in excess of this value, a single domain 

configuration is likely. Using P S = 70 microcoulombs/cm2 for this 

material [14] and >. = 20 A (section 3.2.2), we obtain pF = 3.5 x 102 

Coulombsjcm3, or a carrier density of approximately 1021 jcm3. In such an 

insulating crystal, this equilibrium is reached very slowly, and WE can 

reach high values at short times, depending on crystal geometry and the 

distribution or p s within the crystal. 

When a perovskite (Appendix 1) is cooled from a paraelectric to 

a ferroelectric phase in the absence of applied electric fields, there are six 
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equivalent directions along which the spontaneous polarization may occur 

(section 4.2.1). In the absence of sufficient free charge compensation, the 

minimization of WE is accomplished when the c axes in different regions of 

the crystal take on these directions, thus forming domains. The boundaries 

separating such domains differ from the perfect crystal, and there is a 

certain amount ?f energy, W w associated with them over and above the 

electrostatic energy. Thus the final domain configuration is determined by 

minimizing an appropriate free energy including both these terms. The 

observed domain configuration depends on a number of factors, including, 

crystal symmetry, electrical conductivity, defect structure, the magnitude 

of the spontaneous polarization and the elastic and dielectric compliances 

[34]. For a multi-domain simple periodic domain structure, WE has been 

evaluated to be [2]: 

where d is the domain width and e* a constant proportional to the 

dielectric constant. The wall energy can be written as: 

Ww = b/d) V, 

where 1 is the domain wall energy per unit area. Minimizing WE + W w 

yields: 

for the equilibrium value of the domain width. Domains of width greater 

than this value are suppressed by the depolarizing field, while domains 

smaller than this by the wall energy. Contributions to the wall energy 

include the depolarization or electrostatic energy due to V· P 
5

, the dipolar 

energy due to non alignment of ferroelectric dipoles across the domain wall, 
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and elastic energy. The elastic strain, xi' can be written in tensor form in 

terms of the electric displacement as: 

x. =g .. D.+ Q .. k D. Dk, 
I IJ J IJ J 

where g.. and Q .. k are the piezoelectric and electrostrictive constants, 
IJ IJ 

respectively. Thus we can write the elastic energy as: 

W = 0.5 [ c .. x. X .dV, 
Z ]y I) I ) 

where the cij's are the elastic stiffness constants. 

This relation provides a coupling of electrostatic and elastic 

energy terms and suggests that both can be incorporated into an elastic 

energy expression. Such an approach has generally not been taken in the 

discussion of ferroelectric domain configurations. As shown below, such an 

approach yields good agreement with the observed microstructures. 

4.2.2 Domain Walls: 

The electrostatic energy is minimized when the polarization 

vectors of adjacent domains are oriented such that V· P = 0 at the domain 

boundary. This is satisfied for Q0° and 180° walls (Appendix 3). 

Polarization vectors are generally configured in a head-t~tail manner. 

Figures 2la-d illustrate, schematically, the primary types of domain 

configurations possible in this material. From arguments cited earlier 

(section 4.1.1), configuration d cannot be observed via TEM. In addition 

to the above criterion, a domain wall can only exist if the two domains are 

mechanically compatible, that is, they meet without creating large stresses 
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in the bulk. The spontaneous strains of neighboring domains must be 

equal in the plane of the domain wall up to a rigid body rotation. This is 

analogous to the discussion of the invariant plane strain condition m 

'• section 4.1.1. Slight misorientations of the walls occur near defects or 

crystal surfaces. Structural models of goo and 180° walls have been 

proposed [35,10]. A schematic portrayal of such walls [35] is shown in 

Figures 22a and 22b. As shown, goo walls involve a rotation or a gradual 

shortening and lengthening of the polarization (c) axes in mutually 

perpendicular directions, while 180° walls, an inversion of said axis. From 

electrostatic energy considerations, 180° walls require less energy to form 

[36], while, as discussed in section 4.1.2, elastic energy considerations 

induce goo domain formation. The experimentally observed preponderance 

of goo domains provides evidence of the dominant role of elastic strain 

effects in these materials. 

Mechanical compatibility does not imply that the elastic energy 

is zero at the wall, but a few unit cells away. To prevent macroscopic 

deformation of the interface, there must be an additional strain in the wall 

region, ~ven by: 

x-x0 = g .. (D.-0.0
) + Q .. k (D.Dk·D.0 Dk0

), 
lJ J J IJ J I 

where x0 and 0° are the spontaneous strain and displacement, respectively, 

at the center of a domain. This finite transition region, on the order of 

atomic layers, is believed to be the origin of the finite domain wall 

thickness observed in sections 3.2.3 and 3.2.7, which from crystallographic 

twinning considerations alone [37] would be expected to be near zero. In 



[18], an expression for the local electric field, E in terms of the observed 

fringe spacing (domain width), ~ x, is derived: 

E = h2 /(2m~ x >. et), 

where >. is the electron wavelength, e is the charge of the electron, m is the 

mass of the electron and h is Planck's constant. For a foil thickness of 

2000 A and x = 40 A (section 3.2.7) at an accelerating voltage of 100 kV 

(>. = 0.037 A), we obtain E = 5 x 104 volts/cm2, which corresponds to a 

P
8 

of 315 microcoulombsfcm2, as compared to reported values of 70 

microcoulombs/cm2, obtained via electric measurements on bulk samples 

[14]. This is verification of the domain wall width determination. 

4.3 Elastic Domain Configuration: 

4.3.1 Domain Width: 

As mentioned in section 4.2.1.1, it has been found that elastic 

strain energy considerations prevail in the bulk regions of this material. 

Thus, one can arrive at an equilibrium domain width via elastic strain 

energy arguments alone, as outlined below. 

The bulk strain energy of a coherent inclusion within a high 

symmetry (cubic) matrix can be minimized by a proper choice of structure 

domains of the low symmetry (tetragonal) phase. As described in section 

4.1.1, if the transformation strain producing the inclusion is a homogeneous 

invariant plane strain, the inclusion is platelike with a habit plane parallel 
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to the invariant plane. IC adjacent domains are fitted together along 

geometrically identical planes, the formation of a heterogeneous sandwich-

like plate involves no internal stress. Such domains are configured such 

that the macroscopic shape deformation in the stress free state be an 

invariant plane strain and that the habit plane of the heterogeneous plate 

coincides with the invariant plane of the shape deformation (Figure lQa). 

In general, however, the coherent conjugation of these platelets 

within the parent phase will generate local elastic strain concentrated 

within a layer on the order of the structure domain thickness [31]. We can 

estimate the elastic strain energy as: 

EEl= >.Eo2 s d, 

where >. is the elastic modulus, E
0 

the transformation strain (= ((c/a)2 -

1)/(c/a)2), d the thickness of the structure domain and s the interphase 

area. Now, in general, this term vanishes and d approaches zero, but this 

value cannot be attained since the number of interphase boundaries (walls) 

will increase infmitely. Thus, is is the combination of the strain and 

surface energies that must be minimized. The surface energy term can be 

written as: 

where L and D are the length and width of the plate and 1s is the surface 

energy of the plate. Minimizing the sum of these two terms, we obtain an 

equilibrium domain thickness: 

d = bsiJI(>.Eo 2))0.5. 

One can utilize the experimentally observed equilibrium domain width of 

approximately 500 A to calculate the domain wall energy, giving 3 
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Comparison of the above expression for the equilibrium domain 

width with that of section 4.2.1, reveals that P 5 and t* in the electrostatic 

case play analogous roles to t and >-. in the elastic treatments. Thus we 
0 . 

can model the electrostatic situation in terms of well known elastic strain 

theory. 

4.3.2 Minimum Grain Size for Twinning: 

The observations of a nummum gram s1ze for ferroelectric 

domain formation has been reported in the literaturE!' [5J, as has the 

derivation of a minimum grain size for twinning [22,31J. In [22J, an 

expression for a minimum particle siZt for twinning is ,.,developed by 

equating the transformation strain to the twinning strain. This gives an 

expression of the form: 

2r* = 2,? tmin/ t, 

where 1 T is the twinning shear, t = ( c-a)/ a and tmin is the minimum twin 

thickness. Thus for cfa = 1.025 (Table 1}, ,.,T unity and t . taken to be mm 

the interplanar spacing of the composition plane = d110 = 2.798 A, we 

obtain 2r* on the order of 200 A, considerably smaller than the 

experimentally observed value of approximately 0.3 microns. Since this 

derivation does not include or consider surface or strain energy terms, it 

gives an absolute minimum particle size based on geometry considerations 

alone. The derivation below includes these terms and follows closely the 
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approach taken in [31], but starts with general principles. 

We write the strain from the cubic to tetragonal phase 

transformation as: 

e33 = (c-a)/a = e, 

where a and c are the cubic and tetragonal (c direction) lattice parameters, 

respectively. For no volume change, 

""' e .. = 0, £...J II 

where the summation conversion has been employed. Therefore, e
22 

= e
11 

= -t./2. Thus we obtain for the strain, e = (c/a)-1 = (c/a)T, where (c/a)T 

is the (c/a) ratio of the tetragonal phase. 

Now, we can write the strain due to a twin on the (101) plane 

in a [10iJ direction, for example, as: 

e11 = h/2), e22 = 0, and e33 = -h/2). 

The strain energy is thus: 

E ([eo'/2))·volume) = E ([e2/2 EJ·volume ), 

where E is the elastic (Young's) modulus and u is the stress. 

U the strain energy is relieved by twinning, we have a total 

energy of: 

[(1/2)(7/2] 2 E + (1/2[--Y/2] 2 EJ (volume of the twin). 

Assuming a spherical grain of radius r at the minimum gram 

size for twinning, there will be only a single twin interface dividing the 

grain in half. The strain energy relieved by twinning can be written as: 

[h2 
/ 4) E) 2trr3 /3, 

where 2trr3 /3 is the volume· of the twinned region. Thus, the strain 

relieved = ~rr 3-y2 /3. 
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Now, as twinning relieves the strain, the surface energy is 

increased due to the addition of new domain walls. Thus, we must also 

consider a surface energy term, u1rr2 where u is the surface energy per unit 

area of twin interface and 1rr2 is the area of the twin. 

The total energy can now be written as: 

E
0 

= (-1r"Y2Er3 /3) + u1rr2
. 

Setting oE
0
/or = 0, we obtain r = 2u/"Y2 E. 

We can define "Y = x/y (Figure 26), where y = a sin a and x = 

(a2 + c2
)
0

·
5 = 2a cosa. Thus, cosa = af(a2 + c2)0·5, and sma = 

(locos2a)0·5 - (1-(1/((cfa)2 + 1)))0·5. Rearranging, this becomes: 

"Y = ((c/a)2-1))/(c/a)2. 

Finally, we obtain: 

where u is the twin interface energy per unit area, and cfa ts the 

tetragonality. 

E for these materials has been calculated to be on the order of 

1375 Pascals, based on experimentally measured Knoop and Vickers [14j 

hardness values according to a method outlined· in [38J. Utilizing the 

experimentally measured critical grain size of r = 0.3 microns and c/a = 

1.025 (table 1), a value of u = 10 ergsfcm2 is obtained. This value is 

comparable with reported results for similar materials, e.g., barium 

titanate, and is close to the value obtained in section 4.2.2, based on the 

experimentally measured equilibrium domain width. These results attest to 

the validity of both of these independent observations. 



4.4 Comments on the Phase Transformation: 

As mentioned in section 3.3., it has been reported in the 

literature that the paraelectric to ferroelectric phase transformation 

proceeds by a primarily diffusionless martensitic mechanism [29,30]. As 

described in [28J, typical characteristics of such transformations include: 

1). an amount of transformed phase dependent on temperature and 

independent of time, which can be stabilized by incremental cooling, 2). a 

velocity of transformation approaching the speed of sound and independent 

of temperature, 3). reversibility about the transformation temperature, 4). 

the existence of a defmite orientation relationship of the transformed phase 

with respect to the product phase, and 5). preservation of the chemical 

composition of the parent phase in the product. The amount of 

transformed phase is best obtained via experiments on bulk samples (see 

section 4.7.2). Points 2 and 3 have been qualitatively verified (see section 

3.3 and Figures 16a-c ). Point 4 is implied by the twin relationship verified 

in section 3.2.1, and by the conformity of the transformed phase to 

established crystallographic theories of martensite (invariant plane strain 

condition). Based on these observations, the paraelectric (cubic) to 

ferroelectric (tetragonal) phase transformation mechanism is concluded to 

be most consistent with that of a martensitic mechanism. 
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4.5 Relation of Domain Structure to Piezoelectric Properties: 

As mentioned in section 4.2.1, the equilibrium ferroelectric 

domain configuration is determined via a minimization of a Gibbs free 

energy expression incorporating both elastic strain and electrostatic energy 

terms. The various piezoelectric parameters are defined [34] as derivatives 

in an appropriate (such as the Helmholtz) free energy: 
F = G- PV, 

where G is the Gibbs free energy, P, the pressure, and V, the volume. In 

differential form, this can be written a.s: 

dF = -SdT + q dE + EidDi, 

with S, the entropy and T, the absolute temper~ture. We can thus define 

characteristic quantities such as: 

(oDJo qjk)E,T and (IJ DJo E)q,T 

to be the piezoelectric and permittivity constants, respectively. 

In this sense, then, there is an indirect theoretical relationship 

of the domain configuration to piezoelectric properties. 

4.6 Control of Piezoelectric Properties: 

Several comments related to the control of such properties via. 

material preparation or processing can be made based on results of these 

investigations. 

Concerning processmg, it ha.s been suggested [39] that a hot 

pressing operation can impart a texture to ceramic samples. As discussed 
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in section 4.1.1 goo domains, being a transformation product, form along 

fuced directions with respect to crystal elongation directions. If such a 

texture is imparted to the sample in the paraelectric state, it is conceivable 

that a domain texture can also arise, that is, a type of •pre-poling• of the 

sample. Subsequent poling would then be facilitated since less energy is 

required to align the already partially aligned electric dipoles ( c axes) 

parallel to the applied electric field. 

Another method of controlling domain structure is suggested by 

the results of these investigations. The equilibrium goo domain width has 

been found to depend primarily on the c/a ratio of the tetragonal phase 

(section 4.2.2). Also, it is well established (3,4j that this ratio can be 

controlled via the judicious selection of substitutional impurities, such as 

La3+ in the present case. Taken together, these imply that one can control 

the number of domains in the bulk of the material. It is known [26J that in 

the case of multidomained grains, space charge layer formation in the 

vicinity of these domain walls renders poling less efficient, resulting in a 

degradation of piezoelectric constants in the poled ceramic. The 

implication is that one can control the values of these parameters by 

proper additive selection, rather than the traditional [lj approach of grain 

size control. 
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4.7 ~xperimental Artifacts: 

4.7.1 Thin Foil Effects: 

In section 3.2.1, we noted that twinning does not continue out 

to the free surface, that is, the area bounding the free surface comprises a 

single domain. This is thought to be a crystal thickness effect. As shown 

in Figure 24, samples for TEM examination are prepared with a wedge 

shaped cross section. It has been postulated [2] that when the crystal 

thickness approaches the domain thickness, the depolarization energy can 

no longer by minimized by domain formation. Alternatively, one can 

consider the cubic to tetragonal transformation strain to be relieved via 

str~ctural domains unconstrained by surrounding grains in regions near the 

free surfaces. In these regions of the foil, the surface energy of the 

tetragonal plate, 'Ys becomes appreciable owing to the greater surface 

presented (compare Figures 24a and 24b ). It follows that the equilibrium 

domain spacing (section 4.3.1) will increase, as is observed experimentally. 

4.7.2 Electron Beam Heating Effects: 

As mentioned in section 3.3, the materials utilized in these 

investigations are heated under a concentrated electron beam. The 

computation of specimen temperature rise is, in general, a complicated 

matter and requires a knowledge of, for instance, the precise geometry of 
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the specimen section and the thickness of any contamination layers [40]. It 

is found that specimen temperature rise is most notably proportional to the 

primary beam current (41]: 

i = 11' b2J· p p' 

where jp is the current density at the specimen and b is the radius of the 

irradiated. area. For a source brightness of 3 x 105 amperes/cm2-steradian 

(18] and .a solid angle of 200 square milliradians ( 150 micron second 

condenser aperture), we obtain, using plots published in (41], for a sample 

of thermal conductivity or 3 caloriesfsec-cm-OJ< (42], a temperature rise of 

the order of 5000J<! Thus, even utilizing liquid nitrogen cooling, specimen 

temperatures can rise appreciably, to over and above the transition 

temperatures (table 1). In extreme cases, such as when the electron beam 

strikes the supporting copper grid bar, samples dissociate rapidly, most 

probably resulting from lead evaporation (43,44]. 

Similarly., the determination or local chemical composition in . 

these materials is plagued with experimental difficulties in the TEM due to 

the presence of A (Pb +2) site vacancies created by the La +3 substitutional 

impurity, which serves to increase the likelihood of lead diffusion under a 

concentrated electron beam. 
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V. CONCLUSIONS 

Experimental results have indicated the presence of two 

primary types of ferroelectric domains (goo and 180°) in these materials. 

goo domains are twin related with {110} composition planes, being formed 

to relieve the cubic to tetragonal transformation strain. The c axes of such 

domains enclose an angle of go-o minus approximately 0.5°. The 

equilibrium domain width (approximately 500 A) has been found to be 

independent of grain size above a critical value, and is dependent on the 

cfa ratio of the tetragonal phase. Below a critical grain size of 

approximately 0.3 microns, goo domain formation is suppressed, and single 

domain tetragonal grains predominate. Utilizing this value, a domain wall 

energy of 10 ergs/ cm2 was computed by balancing the transformation 

strain and surface energy terms. In thin regions of the foil, however, the 

above equilibrium domain width does not hold., and a tendency towards 

single domains is observed. A finite domain wall width of approximately 

40 A has been measured, and is most likely due to electrostatic energy 

minimization considerations. Substructural twins were occasionally 

observed and also appear to be of {110} habit. Distinct packets of 90° 

domains can form within single grains, and are misoriented less than 0.5°. 

180° domain walls appear as zig-zag structures, about < UO>, 

and lie on { 100}. The apparent wall width is also on the order of 40 A, 

and most likely arises from electron beam deflection in the vicinity of the 

sample. 
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The nature and resulting microstructures of the paraelectric 

(cubic) to ferroelectric (tetragonal) phase transformation are consistent 

with a martensite transformation. . However, electron beam heating of 

specimens is substantial and must be taken into account when interpreting 

results of in-situ phase transformation TEM experiments. 

Suggested future work would include studies of domain walls 

(especially 180° walls) utilizing high resolution techniques to determine 

their structural character. Also, in-situ TEM studies of domain 

configurations and domain wall movement under the influence of an 

applied electric field would more closely simulate the dynamic situation 

that prevails in the sample during the poling process. 
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Appendix 1: Structure Factor of PbT103 

We write the structure factor formula: 

Fhk1 = L fiexp(i~P} 
j 

="' f.exp 21ri (hu ·+ kv.= 1w.), L..J; J J J 
j 

where hkl indicate the particular refiection plane indices and uvw· the 

1111 11 111 
atom positions of the unit cell. For atoms at 000 -0- --0 0- and--

.' 2 2' 2 2 ' 22' 22 2 

(Figure 1), this becomes: 

F=fpb +f0 (exp (i1r (h+k))+exp (i1r(k+1))+exp (i"'(h+1)))+fTiexp(i"'(h+k+l)), 

which has values: for h,k,1 unmixed: 

h + k + 1 = even; F = fPb + 3f0 + fTi 

h + k + 1 = odd; Fe = • + • - • 

for h,k, 1 mixed: 

h + k + 1 = odd; F = • - • - •. 

Now, assuming sin (9/>..) = 0, where 9 is the Bragg angle and 'A is the 

electron wavelength, and taking atomic form factors of [45]: 

f0 = 10, fPb = 13.2, fTi = 5.8, 

we can construct a table of relative intensities: 

hkl M/U E/0 ! 

001 M 0 5.4 X 

011 M E 17.0 

002 u E 25.0 X X 

012 M 0 5.4 

111 u 0 13.4 X 



etc., where 

M = mixed indices U = unmixed indices 

E = h + k + 1 = even 0 = h + k + i = odd 

X = Fcc or Bee allowed refiections, as indicated. 

One should note that in the materials studied, La +3 ( fLa = 

10.6) substitutes on a (Pb+2) sites, while increasing the number of A site 

vacancies. Therefore, with this addition, the structure factor is modified 

slightly. However, since the amount of lanthanum added is in the range of 

5-15%, and since fLa is close to fPb' this is not thought to alter the above 

results significantly. 
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Appendix U: Contrast at Inelined Coherent Boundaries (48) 

Across a goo domain boundary, the directions of polarization 

enclose an angle of approximately goo. In the ideal case, the contact plane 

is a coherent twin boundary. When bounded by a cu~e plane, the 

polarization vector can adopt two types of orientations: 1). perpendicular 

to the foil, or, 2). 45° to it. The latter case gives rise to delta fringe 

patterns (section 3.2.1}. 

The geometry of the situation is shown in Figure 25. In part I 

( c axis perpendicular to the foil), met fll'st by the electrons, the excitation 

error is s1, while in part II ( c axis nearly parallel to the foil), it is s2. From 

the geometry, we see that a2 = b1, and that the vectors b3, a1 and a3, b2 

enclose angles of 28. Here, a1, a2, a3 and b1, b2, b3 are the base vectors of. 

parts I and II, respectively. The reciprocal lattice plane (hkO), 

approximately parallel to the foil plane, has a square reciprocal lattice 

mesh, while in Part II, the mesh is rectangular, of dimension 1/c X 1/a, 

and the plane becomes (kOh). These also en dose an angle of 28. Now, if 

we defme the operating diffraction vector in parts I and D as: 
g1 = hA1 + kA2 and g2 = kB1 + hB2. 

Thus, 

g = gl - g2 = .dgll + .dgl, 

where .dg
11 

and .dg
1 

are parallel and perpendicular to the foil, respectively. 

From Figures 25b-d, we obtain: 
g11 = (A1 - B3) = h(1/a- 1/c) 

= h(c-a)/ac = h..:la/a2 = 2ohA1 



and ..::lg
0 

= hA1• 28 = .::lg11 . Thus, the vector .::lg is perpendicular to the 

boundary plane. Now, the diffraction deviation parameter: 

.::ls = scs2 = .::lg
0 

= 2hB/a, 

IS dependent on the particular reflection used. This .::ls difference is 

primarily responsible for the observed fringe pattern across an inclined 

coherent boundary. 

Next, one can consider the c axes as lying either perpendicular 

to the foil plane or in the foil plane perpendicular to the intersection of the 

boundary plane with the surface. We can describe the lower part of the 

crystal as having been derived from the upper via a shear, 

.::1 = a (a1+a3), where a > 0. 

Thus, defining: 

a.= b.-a., 
I 1 I 

we obtain: 

.::la1 = .::1, .::1a2 = 0, and -.::1a3 = .::1. 

Writing the diffraction vector as: 

g = hA1 + ka2 + lAa, 

with components: 

Thus, 

For a diffraction vector to the right of the intersection of the boundary 

plane and the foil plane, h = g· a1 <O. Therefore, .::lg has the direction 

and sense of o(A
1
+Aa)· Consequently, .::ls = scs2, the projection of .::lg on 
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the normal to the foil plane, is negative (with positive s downward). Thus 

the first fringe in the bright field image is dark and the last fringe bright. 

In the dark field image, both the first and last fringes are dark. If the 

orientation of the tetragonal axis in the two crystals is interchanged, or the 

boundary inclination is reversed, ~' a and consequently ~g and ~s change 

sign also. In summary, in the dark field image, if the first and last fringe is 

dark (bright), the g vector points toward the region where the c axis is 

horizontal (vertical). 
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Appendix ill: Derivation of Domain Solution Types [47] 

Consider Figure 26, representing two adjoining goo ferroelectric 

domains. We can write the components of P 1 and P 2 normal to the 

boundary as: 

PIn = P 1 sin 4J and P Zn = P 2 sin ( 8 e 4J). 

The net electric (depolarizing) Cield generated by the polarized matter is 

thus: 

For P 1 = P 2 = P
8

, the depolarization energy can be written as: 

W d = 4,..p/ (sin 4J- sin (8-4J)f 

Setting (8 W d/84J) = 0, we obtain: 

sin(24J- 8)(cos8 + 1) = 0, 

with solutions: 

4J=8, giving anti parallel ( 180°) domains 

and 

4J = 8/2. 

For a wall placed on an external bisector of the angle between P 1 and P 2• 

this becomes: 

Thus, there exist walls with 8;611'. If 8 = goo, 4J = 45°, which implies that 

the angle of the wall with P is 1r /2 - 8/2 = 1r /2 - 4J = 45°. 
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Key: 

Table 1: Materials Investigated 

Stoichiometric Formula Pbl-l.SxLax Ti03 + 0.5x PbO 

Designation ! c/a Ic 

PLT-3 

PLT-4 

PLT-5 

0.1 

0.2 

0.3 

1.028 

1.025 255°C 

1.000 

cfa = tetragonality; Tc = Curie Temperature 
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Table 2: SEM Bulk Chemleal Composition 

Element Stoichiometric Composition Experimental Results* 

w/o PbO w/PbO 

PLT-3 

Pb 66.5 67.6 62.7 
La 4.2 4.1 4.1 
Ti 14.6 14.0 18.7 

PLT-4 

Pb 59.2 62.1 58.0 
La 9.2 8.4 6.6 
Ti 15.8 14.5 20.1 

PLT-5 

Pb 50.7 56.2 51.9 
La 14.9 13.0 14.4 
Ti 17.2 15.0 17.3 

Key: 

wfo PbO =stoichiometric composition without excess PbO 

w / PbO = stoichiometric composition with excess PbO 

* = stoichiometric oxygen assumed. 



Figure 1: 

· Figure 2: 

Figure 3: · 

Figure 4: 

Figure 5: 

Figure 6: 

Figure 7: 

Figure 8: 

Figure Q: 

Figure 10: 

FIGURE CAPTIONS 

a) Representation o( CaTi03 (perovskite) crystal 
structure in terms of a simple cubic lattice and a five 
atom motif. b) Point group above and below the Curie 
point (Tel· 

Scanning electron micrograph showing uniform grain size 
(cubic sample). 

a)-c) Transmission electron micrographs showing defect 
structure in cubic La modified PbTi03. Note grain 
boundary dislocations in a) and ledges in c). 

a) Bright field and b) dark field (g=110) micrographs of 
inclined coherent boundary. Note direction of 
polarization vectors ( c axes). Arrows in a inset indicate 
Bragg refiections utilized in b. 

TEM micrographs showing twin relationship of adjacent 
domains. a) bright field, b) corresponding diffraction 
pattern (B=111), c), d) dark field images obtained with 
indicated refiections. 

High magnification bright field photograph of domain 
junction across a grain boundary. Note nearly coherent 
interface. 

Bright field micrograph showing Q0° relation of adjacent 
domains. Insets show microdiffraction patterns (B=OOl) 
taken from within a domain and astride a domain wall. 

Q0° domains: a) bright field, c), d) dark field images 
taken utilizing + g (=200) from nonsystematic condition 
b) (B=11J) used to determine the domain wall (arrowed) 
thickness. 

Micrograph showing complex domain structure arising in 
a single grain from nucleation and growth (to 
impingement) at multiple sites. Inset shows spot 
splitting across two different (011) planes. 

a) Mosaic domain configuration. B=110 CBED patterns 
taken: b), c) on either side or a packet boundary; d), e) 
on either side of a 180° domain wall, both sets showing a 
small misorientation; f) across several nearly edge-on 
domains, exhibiting a displacement of the FOLZ ring 
perpendicular to the domain boundaries. 
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Figure 11: 

Figure 12: 

Figure 13: 

Figure 14: 

Figure 15: 

Figure 16: 

Figure 17: 

Figure 18: 

Figure 1Q: 

Figure 20: 

Figure 21: 

Figure 22: 

Figure 23: 

Figure 24: 

Further illustration of complex single grain domain 
structure. 

Micrograph showing substructural twinning observed in 
this material. Habit of substructural twins close to (01i). 

These micrographs show lack of (a) or partial (b) 
twinning observed in small ( < 0.3 micron) grains. 

Small untwinned grain (a) and corresponding CBED 
pattern (b) (B=ll2), displaying m symmetry. 

a) Dark field micrograph showing 180° wall. b) Plan 
view schematic of wall showing zig-zag motion about 
[110). 

In-situ heating sequence (T c = 335°C). Note 

disappearance of domain configuration at 225°C and 
similarity of b) and c). 

a) Low temperature (~186°C) domain formation in room 
temperature cubic sample. b) B=llO CBED pattern 
from this phase displaying m3m symmetry. 

Schematic diagram of twinning in tetragonal inclusion 
within a cubic matrix, habit (110) (after [31]). 

Schematic illustrating crystallography of twinning. a) 
Invariant plane strain condition (real space lattice). b) 
Corresponding diffraction pattern, showing origin of spot 
splitting. c) Showing reorientation of tetragonal cell by 
twinning. 

Derivation of relation of FOLZ ring radius to reciprocal 
lattice spacing parallel to the electron beam (after [32]). 
b) Superposition of a) for two edge-on domains, one of 
which is slightly misoriented with respect to the other 
and giving rise to a FOLZ ring displacement. 

Schematic of principal domain configurations possible in 
tetragonal sample. Note that configuration d is not 
visible in the TEM. 

Schematic of 180° and Q0° domain walls (after [35]). 

Schematic diagram of twinned crystal. 

Diagram showing specimen cross section: a) in bulk of 
foil and b) near foil edge. Note tendency toward single 
domain formation in b. 
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Figure 25: 

Figure 26: 

.. 

a) Cross section of foil containing Q0° domain wall. b), 
c) corresponding reciprocal lattice grids of parts I and II 

·of a. d) Cross section through reciprocal lattice with a 
plane perpendicular to 0~ = 081, along XY (after [46]). 

Diagram of adjoining ferroelectric domains and 
corresponding head to tail polarization vector coupling . 
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