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Abstract 

High-resolution (0.2nm) images are used to locate chemical domains 
occurring with length scales of l-5nm in the dielectric relaxor lead 
magnesium niobate (PMN). The experimental HRTEM images are 
analysed using computer-simulations and image matching in order to 
clarify and characterize the nature of the chemical ordering. 
Madelung electrostatic energy calculations are used to rank a set of 
structural models for possible ordered and disordered distributions of 
Nb and Mg over the B-sites of perovskite ABO3. Next, the chemi
cal domain textures are modelled using next-nearest-neighbour Ising 
(NNNI) models and Monte Carlo methods. These simulations allow 
us to understand and quantify the local structures of clusters of Nb 
and Mg atoms and how these interact to form chemical domain walls 
and other configurations including charged chemical defects. 
This results in a preferred model for the B-site distribution (the ex
tended NNN-Ising model), which is used for image simulations. Both 
HRTEM many-beam bright- and dark-field and single-beam dark-field 
TEM images are obtained and compared with the experimental im
ages. The final result is a realistic atomic model for the Nb,Mg dis
tribution of PMN. 
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1.Introduction 

Polar and chemical domain textures on nanocrystalline length scales 
are believed responsible for the diffuse phase transitions and unusually 
high dielectric response exhibited by so-called relaxor-type ceramic ma
terials [1,2,3]. Thus the permittivity may reach values greater than 
20,000 at lKhz over a useful range of temperature for lead magnesium 
niobate (PMN), depending on appropriate ceramic processing routes 
(see for example Cross [4] or Swartz et al [5]). The peak permittivity 
may vary from about 7500 to above 20000, depending on the specimen 
preparation. The unusual dielectric properties have been linked theo
retically to chemical inhomogeneities presumed to exist due to chemical 
disorder of e.g. Mg and Nb on the perovskite (ABO3) B site. This was 
the classical theory due to Smolenskii and Isupov [6]; see also reviews 
by Smolenskii [7] and Newnham [8]. 

More recently there have been intensive efforts to apply spin glass 
theory, originally developed for magnetic glasses, to explain relaxor-
like behaviour; Cross [4] and Viehland et al [9,10,11,12,13] being the 
principal exponents. However, Westphal, Kleemans and Glinschuk [14] 
and Kleemans [15] have suggested that there may be a strong random-
field contribution to understanding the dielectric response of PMN. 

Note, however, that whatever theoretical approach is adopted, a 
point is reached where it is necessary to make assertions concerning the 
atomic structures underlying the extremely high density of polar and 
chemical domains and, of equal importance, the domain walls existing 
in this material. 

Following Cross [4] we restrict use of the word relaxor to dielectrics 
which exhibit the following characteristics: a significant frequency-
dependence (dispersion) of the peak permittivity; a ferroelectric re
sponse under high fields at lower temperatures bv no sharp paraelec-
tric to ferroelectric phase transition or Curie temperature. Relaxors 
are characterized by nanometre scale chemical heterogeneity and large 
values of the rms polarization (P r m«) at temperatures well above that 
of the dielectric maximum. There may also be spectroscopic evidence 
that the fluctuations are dynamical, with a diffuse transition from nano-
through micro- to macro- polar domains at low temperatures and high 
applied electric fields. In the zero-field-cooled state, a relaxational pro-
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cess typical of a classic dielectric relaxor, cf Debye theory of dipolar 
relaxation [16] is observed for temperatures well above the peak per
mittivity. There is also no readily observable macroscopic polarization 
or departure from Pm3m simple cubic symmetry. PMN is referred to 
as a relaxor since it exhibits all of the above characteristics. It may be 
regarded as the arch-type pewskite-type relaxor. 

In the present paper we first present recent HRTEM images of PMN 
(sections 2,3). Madelung energy calculations are then presented (sec
tion 4); these allow a number of models for the chemical disorder to 
be examined; including proposals already in the literature as well as 
new models developed by the present authors. Then follows a dis
cussion of next-nearest-neighbour Ising (NNNI) model simulations of 
the chemical domain textures (section 5) including chemical domain 
wall configurations and other chemical defect structures. In this way 
an extended computer model for the B-site distribution is developed 
based on minimization of electrostatic energy. The experimental high 
resolution images are then analyzed (section 6) by application of image-
processing techniques developed specifically for this project (section 7). 
Thus the chemical defect structures may be characterized to an extent 
not achieved previously. These results should lead finally to an im
proved understanding of the dielectric response of PMN, in terms of 
the extremely high density of chemical and polar domain walls which 
characterize relaxor-type functional ceramics. The present results are 
finally discussed with reference to recent theoretical approaches to the 
prediction of relaxor-type dielectric response (section o). 

2. Experimental 

A well-characterized ceramic preparation of PMN was provided by 
Prof. Nava Setter, Labo de Ceramique, EPFL, Lausanne, Switzerland. 
This was made by F. Chu, who also measured the dielectric response. 
Ion- thinned sections suitable for HRTEM were made using standard 
techniques. The specimen was classified as containing sufficient PbO 
for the perovskite phase to be fully stoichiometric [5]. 

Some ceramic specimens were also thinned by fracture [17], Thes? 
were most valuable for HRTEM studies since there was no ion-beam 
induced damage. Some electron-induced damage nevertheless occurred, 
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which had to be taken care of, to avoid artifactual conclusions, as men
tioned in the results section. 

The long-range chemical order parameter for 1:1 ordering on a 8A 
perovskite-related cell is usually defined as 

* 2 = (/m//2oo)/(/m//Mo).=i (1) 
where Im and I^o refer to powder X-ray diffraction intensities for 
the pseudocubic 111 and 200 Bragg beams. Note that this analysis 
is strictly not valid for a mixed phase system like PMN; however, it 
does provide a convenient measure of the extent of 1:1 ordering present 
so long as we do not make unrealistic interpretations of the absolute 
values of s. Note that one has to assume a theoretical value for the 
denominator of Eq.(l); since the perfectly ordered 1:1 structure does 
not exist for PMN. The measured value was s = 0.10 for our speci
men. A major motivation for the HRTEM study below is to reveal the 
microscopic nature of the chemical defect structures. 

Thin edges of these specimens were examined at the University of 
Melbourne, using a JEOL-4000EX electron microscope operating at 
400keV. The ultra-high resolution pole-pieces had Cs = 0.94mm. The 
three principal zone axes <100>, <110> and <111> of PMN were ac
cessible using a +/— 20° double-tilt top-entry goniometer. Most of the 
results reported below refer to <110> zone axis projections. The spec
imen height was carefully adjusted to an optimum focussing current, 
when the objective lens astigmatism, as well as the optical alignment 
parameters could be set precisely against calibrated values. The ad
justment of the desired crystal orientation was achieved using Gatan 
TV cameras and image-intensifiers. A video cassette recorder was used 
to record dynamic events, usually for dark-field imaging conditions. 
Special attention was paid to minimizing the effects of mechanical vi
brations and acoustic interference, enabling point-to-point resolutions 
in the range 0.17 to 0.22nm to be achieved at the Scherzer defocus 
image condition. Computer-simulated images were obtained using up
dated Melbourne University Multislice (MEDIS) software due to Fan 
and Peng. 
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3. HRTEM Results 

(a) Introduction to the HRTEM technique 

A parallel beam of high energy electrons is passed through an ex
tremely thin section, less than say 20nm thick. The transmitted and 
diffracted beams are collected by the objective lens and finally used to 
form a magnified image of the atomic structure. Provided the specimen 
is thin enough and certain electron optical conditions are met then it 
may be possible to directly image the atomic columns of atoms lying 
parallel to the incident beam. Thus a two-dimensional projection of the 
atomic structure along a principal zone axis of a crystal is the primary 
result. Complications arise if the crystal becomes too thick (greater 
than lOnm say), if the specimen and/or instrumental alignments are 
not precise (better than O.lmRad say), if the specimen moves more 
than O.lnm during the recording or becomes damaged in the electron 
beam. Definitive image analysis should be made using image-matching 
techniques based on computer simulations. Reference may be made to 
Cowley [18] for reviews of theory, experiment and computing. 

(b) HRTEM images 

Fig.l shows a HRTEM image of PMN viewed along the [110] projec
tion. There is already apparent a high degree of nanoscale heterogene
ity, indicated by sharp changes in contrast and fine detail of the images. 
These fluctuations should correspond to nanocrystalline regions asso
ciated with short-range-order and chemical domains. This will be con
firmed below, by use of computer-simulation of the images and image 
processing of the experimental results. Inset is the corrsponding se
lected area diffraction parttern. Note the weak superlattice reflections 
located at the (h+1/2, k+1/2,1+1/2) positions which indicate the ex
istence of a 1:1 non-stoichiometric ordering of Mg 2 + and N b 5 + ions over 
the B sites of PMN; here the indices refer to the 4A unit cube. It is 
important to notice that the power spectrum (PS) from a digitized thin 
edge of the HRTEM images always showed very weak but non-zero in
tensity at (h+1/2, k+1/2,1+1/2) superlattice positions; an example is 
inset in Fig.2 which shows an enlargement of the area marked in Fig.l. 
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This observation indicates very clearly that the short-range ordering 
(Nb:Mg=l:l) is an extensive characteristic of disordered PMN. 

(c) Dark-field Image Results 

PMN showed an essentially homogeneous spotty texture when im
aged using the weak superlattice reflections. Many such observations 
have been reported in the literature. Reference may be made to Ran
dall, Barber and Whatmore [19] for dark-field observations made using 
one of the <111> Fm3m superlattice reflections. Previous workers have 
interpreted these images as indicating chemical domains on the scale of 
0.2-0.35nm (see ilef.[19]). 

Use of subcell reflections for dark-field imaging has also been used 
to study the polar domain textures (see Ref.[19] for examples). We 
found no evidence for visible low frequency (0.1 15 Hz) polar domain 
fluctuations in PMN at room temperature; this result should be com
pared with the corresponding result for PST [20] where there was clear 
evidence for fluctuations on the scale of 3.5nm and 1/10-ls. Randall 
et al [19] reported visible polar domain fluctuations in PMN as the 
temperature is reduced towards that of liquid nitrogen, i.e. as the 
paraelectric/ferroelectric phase transition is approached. 

Note that the dark-field images did show some interesting artifactual 
contrast fluctuations, due to electron beam induced decomposition of 
the specimen. Thus after prolonged illumination of an area for say 
10 minutes or longer nanocrystals of about 5-20nm diameter were seen 
decorating the original crystals. These continuously changed shape and 
orientation, on time scales of about 1 second. Similar decomposition 
phenomena occurred for PST [20] and earlier for PZT (see Fig. 18 of 
ref.[21]) when the fluctuating crystallites were identified as ZrOa- The 
nanocrystalline particles have not been chemically analyzed for PST or 
PZT. Exactly similar phenomena occurred for PMN. In each case there 
is probably loss of PbO by decomposition and/or sublimation, leaving 
e.g. ScTaO< in the case of PST or a magnesium niobate perhaps, in 
the case of PMN. Further analysis of these decomposition phenomema 
is proceeding. 
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4. Structural considerations and electrostatic energy 
calculations 

(a) Structural background 

PMN has the perovskite ABO3 structure shown in Fig.3a, where 
the corner-shared B 0 6 octahedra enclose the larger A cation. The 
chemically-disordered simple cubic Pm3m structure (a= 4A) is usually 
assumed to have random occupancy of the B sites by Nb and Mg atoms. 
This is the ideal PMN-d structure, as shown in Fig.3b for the <110> 
projection. If the Nb and Mg atoms order on alternate {111} planes the 
unit cell is doubled (a=2ao=SA) when the space group becomes Fm3m. 
This is referred to as 1:1 ordering. However such a structure, as shown 
in Fig.3c, would have stoichiometry Pb(Nbo.5, Mgo.s)03- Newnham [8] 
proposed that the size of regions having 1:1 ordering is approximately 
3nm and that these exist as small islands separated by narrow walls of 
Nb-rich PMN. He advanced a simple energy argument to explain the 
scale of the ordered regions as follows. The chemical formula of PMN 
can be divided into 1:1 ordered regions with Nb-rich coatings as follows: 

PbzMgNb209 = (PbiMgNbOeY- + (PbNb03)1+ (2) 
Assuming all ions have their usual valence states the ordered regions 
will be negatively charged and the walls positive. The ordering must 
be on the finest possible scale in order to minimize electrostatic energy. 

A cubes model [8] was adopted to estimate the size of the ordered 
islands. Let each island be a cube of n unit cells on edge. Then there 
will be n 3 /2 Nb atoms within the island. This means that n 3 /2 Nb 
atoms are excluded from the island because the Mg:Nb ratio is 1:1 in the 
ordered island and 1:2 in the chemical formula. We assume the excluded 
niobiums form a thin monolayer coating on the cubes; then n 3 /2 = 
3n 3, where 3n2 is the number of surface atoms per cube, neglecting 
corners and edges. By keeping the coating as thin as possible, charge 
is neutralized on a local scale, minimizing the electrostatic energy. 

Solving the equation gives n=6, corresponding to a diameter of 
about 2.4nm, i.e. close to 'he 3nm observed by HRTEM [19,22,23]. It 
has been assumed that 1:1 ordered nanodomains sit inside an essentially 
disordered matrix. Newnham also suggested that relaxor ferroelectrics 

7 



like PMN exhibit many of the characteristics of superparaelectric solids 
where the dipole moments are coupled to one another, but not neces
sarily to a crystallographic axis. The coupled electric dipoles oscilate 
in orientation and respond readily to applied fields, giving rise to large 
dielectric constants and massive electrostriction coefficients. 

X-ray and neutron diffraction analyses of PMN were made between 
5K and 800K by Bonneau et al [24]. This is, by far, the most definitive 
structural study of PMN. The evolution of the cubic cell parameter 
and of the thermal expansion coefficient was analyzed and structural 
refinements were carried out by the Rietveld method. In the cubic 
phase of space group Pm3m the atoms exhibit important shifts from 
their special positions. A disordered structural model was proposed; 
this lead to a discrepancy factor 11^= 0.072. The nucleation of po
lar microregions begins at 600K; which was revealed on the X-ray and 
neutron diffraction patterns only by some line tails which increase as 
the temperature is lowered. An improved structural refinement was 
achieved at 5K by de Mathan et al [25] after the static disorder scat
tering was interpreted using a two-phase Rietveld analysis based on 
a long-range structure with an average cubic symmetry plus a short-
range ordered component due to atomic shifts involved in the formation 
of polar regions. This two-phase model gave significant improvement 
in the reliability factors. It was estimated that polar nanodomains of 
diameter of order lOnm exist within paraelectric matrix, at 5K. The 
polarization may vary in both magnitude and direction, from one polar 
domain to another so that the average polarization of the crystal, or 
grain in the case of a ceramic specimen, averages to zero. The volume 
fraction of (static) polar phase, at 5K, was estimated at 0.15-0.20. The 
polar domain size, i.e. correlation length, decreased with increasing 
temperature. Note that no attempt was made to search for a correla
tion between 1:1 chemically-ordered domains and polar domains; the 
occupancy of the perovskite B-sites was simply assumed to be (Mgi/3, 
Nb]/3) throughout. 

(b) Possible atomic structural models for ordered PMN 

According to the structural background discussed above, three pos
sible cubic atomic models for ordered PMN may be defined as follows. 
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(i) Average X-ray structure l x l x l model (CMI) 

This model is an ideal ABO3 structure with Pm3m space group 
(ao = 4.07A) constructed by assuming the B cations have atomic po
tential equivalent to that of the average value (Nl>2/3+Mgi/3). Thus, all 
B sites have identical atomic potential (see ideal perovskite structure 
shown as Fig.3a). This ordered structure is not a valid representation 
of a tniely disordered structure on the nanoscak; although it may have 
some validity for analysis of X-ray average structure data. A more re
alistic model was obtained from a Monte Carlo simulation in which the 
distribution of Nb and Mg atoms over B sites was made totally random 
(see section 5 below). 

(ii) Ordered 1:1 6x6x6 cubes model (CMII) 

This is a modified Fm3m structure with stoichiometric ordering of 
Nb and Mg cations where a 6ao cubic supercell was built with the 
central 5ao containing Nb:Mg 1:1 ordering on alternate {111} plants 
over the B sites; the outer cubic shell contains Nb atoms on {100} 
planes except for special sites n/6< 100 >, where n=odd or even, which 
arc occupied by Mg in order to maintainthe overall 1:2 stoichiometry of 
PMN. Overall, the stacking sequence of the B sites on {111} planes is 
Nb-(Mg+Nb),Nb- (Mg+Nb),..with a two-layer repeat. Note that this is 
essentially the model proposed by Newnham (1992) although we have 
placed it formally into a stoichiometric 6xao unit cell; see Fig.3d for 
illustration). 

(iii) Ordered 2:1 6x6x6 cube model (CMIII) 

This model was constructed from eight 3x3x3 unit cubes; each of 
which has Nb:Mg=2:l ordering repeating on every third (111) plane of 
B sites (sec Fig.3e for illustration). Individually, each such cube would 
have trigonal symmetry; however, if eight such cubes are arranged into 
a 6x6x6 cube, using all eight possible orientations we obtain a cubic 
superlattice (Fig.3e). Crystallographic data for these models are given 
in Table \. 

Three further ordered models were also considered from the point 
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of view of electrstatic energy calculations; these may be described as 
1:2 ordered structures. Structures having hexagonal, orthorhombic and 
tetragonal symmetry were constructed where the Mg and Nb ions oc
cupy successive (111), (110) and (100) planes in the sequence Mg-Nb-
Nb respectively. These will be referred to as the ordered hexagonal 
model (HexM), the ordered orthorhombic model (OrtM) and the or
dered tetragonal model (TetM). 

(c) The relative stability of crystal structures 

Theoretical analysis by cluster variational methods may be used to 
represent the relationships amoungst the stabilities of competing atomic 
models for a given stoichiometry in terms of short range (nearest-
neighbour, next-nearest-neighbour,etc) interactions, see e.g. [26]; of 
course the binding energy is finally most significant for determining 
structural stability.An approximate description of the dominant bind
ing forces may be made assuming an (repulsive) elastic force and an 
electrostatic force (typically this is described as a Mie potential, see e.g. 
[27]). For simple ionic crystals such as NaCl structure, the electrostatic 
Madelung energy EM plays the dominant role in determining the bind
ing energy of the crystal, assuming constant ratio of ionic radii. The 
larger the Madelung energy, the more stable the corrsponding structure. 

In the present paper, the Madelung energies were calculated for 
the different B-site distributions described above. Complex perovskite-
type A(B' 1 / 3B7 / 3)0 3 and A{B'2/3B1/3)03 crystals were considered. This 
is sufficient to allow the relative electrostatic stabilities of ordered and 
disordered B-site variants to be discussed; the repulsive elastic energy 
and hence the total binding energies is not calculated. 

(d) Madelung energy of some complex perovskite-types 

The calculation of electrostatic energy per unit cell of a crystal of 
N ions can be written 

B«-i»m <3) 

where g, and q, are the charges on lattice sites i and j respectively, 
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and Tij is the distance between the two lattice sites. In terms of the 
Madelung constant, we can rewrite En as 

*•—£ w 
where oo is a lattice constant of the crystal structure and a is defined 
as the Madelung constant. 

(i) AOK/JB^jQ, type 

Calculation of the Madelung energies of various 1:1 ordered struc
tures with different charge distributions showed that the Madelung en
ergy increases for a certain ordered structure as the difference in charge 
between the B-site cations increases; in this case the structural stabil
ity is 1/2(001) < 1/2(110) < 1/2(111); our results reproduced exactly 
those of Qiang et al (1994) and need cot be reported here. 

(ii) A(Bi^B^)03 type 

The Madelung constants of the complex perovskites A(B^ /3B7/3)03 
were calculated for the six ordered models described aboves; the re
sults are listed in Table 2, where the Madelung energy difference (Aa) 
between the ordered and disordered lattices is also listed. Further de
tails and discussion of peculiarities of Madelung energy calculations for 
perovskite-related superstructures may be found in Qian (PhD Thesis, 
1995). The results demonstrate that CMII has the largest negative 
Madelung energy of the three cubic models; whereas hexagonal model 
is slightly more stable from the electrostatic point of view. 

5. Next-Nearest-Neighbour simulations of chemical 
microdomain textures 

(a) Introduction 

The ordering of B' and B" in A ( B ; B ? _ X ) 0 3 type structures may 
occur either under the influence of the elastic forces due to the difference 
in the ionic radii, and/or the influence of the electrostatic forces due to 
the differences in charge B' and B". 
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The structure of PMN is usually dbordjed. With B site stoichiom-
etry of 1:2, one of the most intriguing features of PMN is its preference 
for cubic symmetry, which is retained down to liquid nitrogen temper
atures in aero-field. Retention of cubic symmetry on tbe finest possible 
scale seems to force any local chemical ordering to follow a mixture of 
1:1 and (hi, rather than 1:2 type, since the latter would most likely 
lead to hexagonal or trigonal phases and, most likely, a ferroelectric 
phase transition. It is this resistance against a low temperature phase 
transition which gives PMN its rather unique relaxor-type dielectric 
response. 

Relaxor-type behaviour was assumed by Smolenskii [6,7] to be due 
to the presence of mkroheterogenous compositional fluctuations so that 
different volumes of crystal transform to tbe ferroelectric state at differ
ent Curie temperatures. Certainly it was confirmed by Setter et al for 
PtySci/jTaj/jJOj that different degrees of ordering may be achieved by 
appropriate thermal annealing in both single and polycrystals. PMN 
crystals also exhibit chemical focal ordering with respect to Nb and Mg 
cations on tbe B site of PMN. Note, however, that 1:1 ordering of Nb 
and Mg over the B-site* of PMN is scarcely modified by varying tbe 
beat treatments because cf the relatively large inbuilt charge imbal
ance between tbe ordered and disordered regions; no other form of long 
range ndering was found in PMN. However, it is possible to control 
the ordered 1:1 domain size of PMN by either decreasing or increas
ing tbe charge imbalance effects by appropriate doping. Thus donor 
doping with Lâ CH can compensate for the focal charge imbalance re
sulting from the 1:1 ordering and thus increases the size of 1:1 ordered 
domains. Acceptor doping with NagO increases the charge imbalance 
effect and hence 1:1 ordering is suppressed (see e.g. Chen et al [22]). 

The phase transition for PMN is certainly diffuse, occurring over a 
range of at least 250^C; it is significantly sharpened by increasing the B-
cation ordering [4]. Although these facts support the Smolenskii model 
the latter does not fully predict the correct frequency dependence or 
dispersion characteristic of perovskite-related relaxors. 

Nevertheless, it is believed that a partitioning on the nanometer 
scale into short range chemically ordered clusters (nanodomains) sets 
the scale of the chemical inhomogeneity which underlies the relaxor 
behavior; these nanometer scale domains ate assumed to be dynami-
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cal in nature with the dipole moment undergo! lg thermal fluctuations 
between different energetically accessible directions. However, as the 
temperature is reduced, freezing of the non polar regions is required; 
addition of this concept into the theory allows a frequency dependent 
response to be predicted (see e.g. papers by Viehland et al [9-13]. So 
far there have been no strictly microscopic theories of relaxors. Both 
Smolenskii and Cross et al use phenomenological Landau or mean-field 
methods. 

In this section, by means of Monte Carlo Simulations (MCS) and 
use of a next-nearest-neighbour Ising model (NNNI), we attempt to 
model atomistically the distribution of Nb and Mg over the B-site of 
complex perovskites. 

Firstly, a perfectly disordered atomistic model is set up with a 
Monte Carlo method using an LxLxL array. No interatomic potentials 
or energetics are invoked at this step and there is no relaxational diffu
sive process which could lead to an equilibrium state. It assumes essen
tially the the specimen was quenched instantaneously from a perfectly 
disordered (random) structure at a temperature close to the melting 
point. 

Secondly, an NNNI approach starts with the same disordered state 
but then allows a relaxational diffusive annealing process to occur by in
troducing NN and NNN interactions and minimizing the interaction en
ergy in a series of steps. This interaction energy is assumed to be elastic 
energy due to the difference in the ionic radii of B' and B". The NFNI 
approach, applied to A{B,

1,3B'2/3)03 type structures, leads to growth of 
1:1 ordered microdomains. Hence two phases seaparate as the equilib
rium state is approached. For example, for PMN, a negatively charged 
PbMgi/2Nbi/203 phase and a positively charged PbNbOs phase. 

Finally, an extended NNNI model (e-NNNI) is developed by min
imizing the electrostatic energy in addition to the NNNI model inter
action energy; this allows us to suppress the growth of 1:1 ordered 
microdomains so that the maximium size of the ordered microdomains 
may be set to a predetermined value at an equilibrium state. 

Such simulations have a dual purpose; firstly, to clarify the pos
sible chemically-ordered configurations of Nb and Mg atoms and the 
inevitable chemical anti-phase boundary or microdomain textures and 
domain wall configurations. Secondly they provide an appropriate ba-
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sis for the development of statistical microscopic theories of relaxor-like 
behaviour. They also allow us to calculate the HRTEM bright- and 
dark-field image contrast. 

The NNNI simulations were made using the B sites of the a = 
0.407nm simple cubic cell. Oxygen and lead atoms were not included 
in the simulations. However Pb atoms were replaced for display of 
the simulated structures. For convenient comparison with the HRTEM 
results the output from the simulations were represented as [110] pro
jections. To simplify even further only slices two unit cells thick were 
presented in most cases. Note however that the statistical analysis and 
the underlying computer simulations were all made in three-dimensions. 
A series of slices was checked to make sure the chosen slice represented 
a three dimensional feature of the structure. In some cases Fourier 
Transforms (FT) and/or Power Spectrum (PS) were also obtained. 

In this report our discussion is mainly concentrated on chemical 
domain structures. In later work we will superimpose the polar nan-
odomain textures onto the chemically-ordered state. These results will 
be published elsewhere (Qian and Bursill [30]). 

(b) Simulated Disordered Structure for PMN 

Fig.4 shows the MCS for PMN (s=0), projected along the [110] 
direction for slice thickness of 2 x di\0. Nb 5 + and Mg 2 + occupy at 
random the B-sites of the perovskite structure. The hatched, large 
and small discs correspond to Pb, Nb and Mg respectively. The seven 
different types of cluster labelled A-G are all effectively charged due to 
local departures from stoichiometry. An enlarged representation of the 
circled area shows detail of seven defect clusters labelled A-G (Fig.5a). 
Note that one may expect a complex (random) electric field distribution 
associated with such a defect distribution. 

Seven individual efect cluster types are defined in Fig.5b. The sto
ichiometric composition of PMN is ( P b ^ M g j l N b ^ O j - ) 0 . Local de
fect structures with non-stoichiometric composition given by for ex
ample (PbMgi/3+rNbi/3_x03)r~ are negatively charged whereas clus
ters of stoichiometry (PbMgi/3_fNb2/3+a;03)z+ clusters are positively 
charged. The three types of 1:1 ordered clusters A, B and C which 
have stoichiometry (PbMgi/ 2Nbi/ 203) 1 - are negatively charged. Ex-
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tended A-type clusters would have space group Fm3m with unit cell 
(a'=8A). This is simply perfectly ordered Fm3m superlattice structure, 
which would have 1/2(111) superlattice reflections. B and C would 
have 1/2(110) and 1/2(001) superlattice reflections respectively with 
orthorhombic unit cells. Mg rich clusters D, (PbMgOa)2" are also neg
atively charged; while Nb rich clusters E, (PbNbC>3)l+ are positively 
charged. Careful examination of the boundaries between clusters re
vealed only two wall types differing from the clusters A,B,C,D and E 
discussed above. These are marked F and G in Fig.5b. These two types 
of chemical domain walls (CDW) are also charged. Note that F and G 
are less than two unit cells thick. The non-stoichiometric Nb rich walls 
F, stoichiometry (PbMgi^Nba^Oa)1/4"1", are positively charged and the 
Mg rich walls G, stoichiometry (PbMga^Nbi^Oa) 1/ 4 -, are negatively 
charged. Overall the net charge averaged over all of these walls and the 
clusters must equal zero. Note that the volume occupied by CDW's 
appears surprisingly large. This will of course be much less in three 
dimensions; nevertheless the walls may still be very significant for un
derstanding the relaxor response in such grossly disordered structures. 

It is also important to notice that the translational symmetry is 
very strongly broken in such a structure. The probability of finding 
any one class of chemical cluster is approx. equal to the maximum 
cluster size < 40A. Most clusters are 10-20A; the smallest cluster is 

course there must be considerable evolution of the defect cluster 
distribution during any period of thermal annealing; as well there will 
be some local-field-induced relaxation and depolarization effects which 
may tend to modify the charged defect distribution to some extent. An 
indication of the manner in which the defect structures evolves from this 
statistically random state, will be shown in the next section (NNNI 
and e-NNNI models). Nevertheless it would appear that a complex 
distribution of internal electric fields must be intrinsic for PMN. These 
may create large local fields with more or less random dipole moments 
which may be expected to play a critical role in the kinetics of a diffuse 
phase transition for PMN, as well as underpin the dielectric relaxation 
phenomena. It is important to notice that the internal electric fields 
are much weaker for PST, where Ta or Sc segregation is required to 
induce charged defects; in that case the probability of charged defects 
was considerably less (c.f. Figs.17-20 of Bursill et al.[20]). 
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(c) NNNI Results 

(i) Algorithms and procedure 

NNNI models are ubiquitous throughout the literature on the theory 
of magnetism (see e.g. Landau [31]; Binder and Landau [32]; Binder 
and Stauffer [33]). The Ising model formalism may be used to describe 
atomic interactions in a binary alloy or solid solution (see e.g. Ziman 
[34]). 

In a magnetic system, three types of long-range order can be reached 
at equilibrium; i.e., ferromagnetic, antiferromagnetic and two equiva
lent superantiferromagnetic orderings. These are modelled by choosing 
different combinations of the interatomic potentials. The critical tem
perature for the high to low temperature phase transition has been 
studied by several authors with different theoretical models. 

The 1:1 "ordered" structure of PMN has antiferromagnetic type 
structure since the Nb and Mg atoms order on alternate {111} planes 
over the B sites (Fig.3c) so that the critical temperature chosen for 
the NNNI simulation has to be within an antiferromagnetic-type phase 
region. 

As for magnetic systems, the next-nearest-neighbor Ising (NNNI) 
model Hamiltonian is of the form 

^nnni = —«^nn z2 ai<Ti ~ *^ n n n H <T»<7* ~ ^ 5J a* (*0 

where <r„ a,, a* = ±1 according to the site occupied by an A or B 
atoms in binary solid solution (spin up or down in the magnet system). 
In this case we follow the description of atomic interactions for a binary 
solid solution. 

The most commonly used algorithms for Ising model simulations are 
called single spin-flip and spin-exchange; since the former may change 
the concentration of the A and B atoms of the solution (or the mag
netization of a magnetic system), whereas the spin-exchange algorithm 
does not. Only the latter was acceptable for the present calculation. 

The simulation was carried on an LxLxL (L=24) simple cubic lat
tices with periodic boundary conditions, starting with an arbitrary spin 
configuration, i.e. a random distribution of B' and B" atoms. Some fur
ther details of this procedure have been given in our paper on PST [35]. 
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After an appropriate number of Monte Carlo steps, typical atomic 
configurations were saved the defect structures were analyzed; in some 
cases the power spectra were calculated. 

It is possible to show the domain textures very clearly in three-
dimension space by making use of color graphics. For a two-dimensional 
representation a multislice technique was used to cut simulated struc
tures normal to the [110] direction and thus obtain a two-dimensional 
slice. The Pb, Nb and Mg cations were finally represented using discs of 
diameter chosen according to their atomic numbers (Pb=82 > Nb=41 
> Mg=12), so as to simulate very approximately the HRTEM struc
ture images. The microdomain textures could then be conveniently 
presented and compared with HRTEM micrographs. 

(ii) The evolution of chemical microdomain textures 

Figs.6(a-f) are NNNI model simulations as follows. The simula
tion started with a completely random initial configuration (a) with 
Nb:Mg=2:l. The remaining shows the time sequence representing the 
evolution of increasingly ordered microdomain textures, simulating the 
annealing of PMN as it approaches equilibrium. Finally the Fm3m 
structure (PbNbi/2Mgi/203)1 _ (a type with 1:1 ordering), is found to
gether with (PbNb03) 1 + (see Fig.6(f)). This two-phase texture proved 
to be remarkably stable; due to the use of the (isotropic) NNNI model 
the structure retains cubic symmetry (Pm3m). 

Insets show some typical power spectra; note that the intensity of 
the 1/2(111) superlattice reflection increases from zero for the fully 
disordered structure towards a maximum value after many MCS steps. 

In Fig.6(a-f) type A chemically ordered microdomain textures are 
emphasized; 1:1 ordered regions are shown darker whereas lighter re
gions represent the Pb, Nb positively-charged structure. The evolution 
of the local structures A to G may be summarized as follows. It oc
curs relatively quickly; chemically ordered domains nucleate at A type 
clusters, which grow quickly for the first few MC steps after which 
ordered areas reach nanoscale dimensions, where the texture becomes 
stuck with alternating postively and negatively charged regions. This 
result is consistent with the dark-field and HRTEM observations that 
widely-spaced chemical domain walls do not appear for undoped PMN, 
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regardless of the annealing treatment. 
There was no preferential growth of the other types of structures. 

The sequence of disappearance was D, B and C type, then F or G type 
walls; the former defect types have highr • electrostatic energy than the 
latter. However, the positively and negatively-charged structures con
tinue to persist for 100's of MC steps. Power spectra from thin edges of 
the HRTEM image (Fig. lb) indicate non zero short-range ordering even 
for the most disordered specimens, which is consistent with the MCS 
calculation. Note that kinks (arrowed) occur along the interphase walls. 
Further studies of these small charged defects are being developed. 

Although chemical defect structures were readily located in both 
the dark-field and HRTEM images, the corresponding atomic struc
tures have not yet been identified directly from the images. Computer 
simulation and image matching using models generated by NNNI and 
MCS is necessary to finally identify the defect structures. This point 
will be discussed further below. 

(d) Extended-NNNI Results 

(i) Introduction 

An extended NNNI model is now proposed in order to minimize 
the electrostatic energy due to excessive two-phase type ordering of 
Nb:Mg=l:l and Nb:Mg=l:0 domains over the B sites of PMN according 
to the above NNNI simulation. 

For the extended next-nearest-neighbour Ising (e-NNNI) model, a 
Hamiltonian of the following form was chosen, 

n* = W nnni + ne\e ( 6) 
where 

*ele = - £ ^ (7) 

The first term W n n n j represents the short-range interatomic potential 
favourable for 1:1 clustering and the second term is an electrostatic en
ergy, which is added in order to suppress the growth of the 1:1 ordered 
domains. This necessarily has longer range; it may represent the spher
ically averaged local polarization field; a multiplicative screening term 
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exp(-Ar,jf) may be added to this Coulomb energy to allow additional 
control and faster convergence of this lattice sum, as well as introduce 
some physical representation of screening which may be expected for 
such polarizable structures as PMN. 

The second term involves a lattice sum, hence it is not readily taken 
into account in a Monte Carlo simulation. Hence, we employed a useful 
approximation. In the Monte Carlo simulation, we just need to com
pare the energy difference before and after the exchange of two nearest 
neighbouring ions at site i and j . We rewrite the electrostatic term as 
follows: 

After exchange, the related electrostatic energy is 

c* , *—> e * Cjej 

*i.—<EsH££-7? ( 9 ) 

where ej = ej and e'- = e,. Hence there is an energy change: 

Following the method developed by Evjen (1932) for the calculation 
of Madelung constant, we can arrange the counting of the above sum 
terms in a rapidly convergent way. The sum terms can be considered to 
run over a series of shells, each shell is taken to be more or less neutral, 
if necessary taking fractional charge. As an approximation, we just 
need to take the first few shells, we took two shells in our simulation. 
Now, we can write the the total energy change for e-NNNI model as 

^ = ^nnni + ^ e l e . ( « ) 

and use the same algorithms and procedure as for NNNI. The only 
difference was the computation of the energy change SH associated 
with the corresponding spin exchange; this is equal to SHnnn\ for the 
NNNI model and SHnnni-\-6Hele for e-NNNI model. 
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(ii) Evolution of the chemical microdomain textures 

Figs.7(a-d) are Monte Carlo simulations for the e-NNNI model with 
power spectra inserted. Again the simulation started with a com
pletely random initial configuration (a) with Nb:Mg=2:l . The re
maining sequence shows the time sequence representing the evolution 
of an increasingly ordered microdomain texture as an equilibrium is 
approached. 

Note that the intensity of the (h+1/2, k+1/2, 1+1/2) superlat-
tice reflections increases from zero for the fully disordered structure 
towards a maximum value after many MCS steps. Significantly, the 
size of the 1:1 ordered microdomain is now limited to nanoscale dimen
sions as the number of MC steps goes from zero to infinity (Fig.7(d), 
mcs=2000). The maximun size is about 30-50A. There is no longer tvvo 
phase (PbNb!/2Mgi/203 and PbNbOa) segregation occurring (c.f. the 
above results for the NNNI model, Fig.6(f)) 

Our results above may be compared with theoretical estimates of 
the ordered domain sizes in PMN, made by minimizing the Helmholtz 
free energy (29). 

6. Analysis of the high resolution images 

(a) Introduction 

Principles for analysis of the HRTEM images and the correspond
ing nanodomain textures were first established by careful comparison 
of computer simulated images with selected areas of the experimental 
images. We start with the known structure for the chemically-ordered 
phase, based on space group Fm3m. Then we determine by image-
matching the values of the relevant electron optical parameters, e.g. 
crystal thickness and objective lens defocus values, for the ordered 
structure image. According to the weak phase object approximation 
for a very thin crystal the images most ressemble the crystal structure 
when the objective lens current is set to the Scherzer defocus. Then the 
regions of darker intensity in the images correspond to the projection 
of columns of atoms in the structure. In the case of PMN we then 
establish that the variation of intensity corresponding to columns of 
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different types of atoms may carry a one-to-one correspondence with 
the different species of atom in the ordered structure. 

(b) Computing Facility 

Selected images were digitized from high-quality prints of electron 
micrographs or directly from negatives using a Wild-Leitz macroscope 
fitted with a television camera. A 32 level grey scale with 512x512 
pixels was used to input images to an IBM RISC 6000 computer via 
a PCVISION Frame Grabber. It was found convenient to obtain the 
Fourier transforms (FT) and power spectra (PS), as well as output the 
digitized image, using xv, xview software packages in unix. Images were 
output using a QMS 600 dpi laser-printer with 256 grey levels. 

(c) Computer Simulation Techniques 

The calculations wore based on the physical optics approach to elec
tron diffraction and imaging [18]. All the nonlinear N-beam dynamic 
scattering, as well as lens aberrations and Fresnel propagation effects 
of the objective lens were included. Periodic continuation methods, as 
developed for atomic resolution images [37] were obtained using MEDIS 
(Melbourne Electron Diffraction and Image Simulate-in) software due 
to Fan and Peng. 

(d) Computer-Simulated HREM Images 

Computer-simulated HREM images of six models; i.e. the ordered 
structures CMI, CMII and CMIII; the MCS for a random disordered 
structure and the NNNI and e-NNNI models for chemical domain tex
ture models simulating equilibrium states were obtained by MEDIS 
Software. 

Figs.8 (a,b,c) is a through-thicness/focal series of computer simu
lated images for the three cubic structural models (a) CMI; (b) CMII 
and (c) CMIII for the [1-10] projection. The corresponding power spec
tra are inserted; there is no superlattice for (a); (h+1/2, k+1/2,1+1/2) 
superlattice spots occur for (b); relatively strong superlattice spots oc
cur at (h+1/3, k+1/3,1+1/3) and additional weak superlattice spots 
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occur for (c); all of these results agree with the structue factors listed 
in Table 1. Note that the cations are imaged as black spots for defocus 
-50nm and sufficiently thin crystals, say < 1.7nm thickness. 

Figs.9a,b,c show the corresponding computer-simulated images for 
(a) the NNNI model at mcs step 0 (c.f. Fig.XX); (b) the NNNI model 
at mcs 1000 ( c.f. Fig.6(f)) and (c) the e-NNNI model at m a 2000 (c.f. 
Fig.7(d)) all for the [1-10] zone of PMN under the Scherzer defocus 
condition (-500A) and thickness= three unit cell (17A). The power 
spectra of the corresponding images are inserted. Note the absence 
of superlattice spots for the MCS model, indicating the structure has 
space group Pm3m; there are superlattice spots located at the (h+1/2, 
k+1/2, 1+1/2) positions for both the NNNI and the e-NNNI models, 
indicating the presence of the 1:1 chemically ordered domains. 

Also included as Fig.9d is an experimental HRTEM image taken 
at the Sherzer condition (i.e. -48nm defocus); it was taken from the 
thinnest edge possible. 

We note that for the so-called "structure image" condition (i.e. 
atoms appear as black spots) the simulated images contain three dis
tinct levels of black spot intensity which have one-to-one correspon
dences to the positions of Pb (z=82), Nb (z=41) and Mg (z=12) atomic 
columns respectively. It should be possible therefore to directly image 
1:1 ordered regions of Nb and Mg atoms and distinguish such areas 
from disordered regions. 

The image contrast rapidly becomes more complex and sensitive 
to the structural models as the specimen thickness increases beyound 
17AUsually diamond or lozenge shape contrast indicates the 1:1 Nb:Mg 
ordered domain structure whereas rectangular shapesnd indicate the 
disordered regions. Below we will show how further details of the chem
ical domain textures may be revealed following image-processing of the 
HRTEM images. 

7. Image-processing of the high resolution images 

(a) Principles of HRTEM image processing techniques 

In structure analysis (e.g. by x-ray diffraction) the intensity of a 
large mumber of diffracted beams is measured and the amplitudes are 
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added together with correct relative phases, allowing the structure to 
be recovered by inverse Fourier transform. The key problem to be 
solved is to assign correst phases. A high resolution electron microscope 
carries out the Fourier synthesis automatically when many beams are 
included in the objective aperture. Imperfections may introduce ad
ditional phase factors e w , where e.g. a=2xg.R with respect to the 
perfect lattice; then diffraction contrast technique may be used suc
cessfully to investigate the configuration of defects such as dislocations, 
stacking faults, antiphase boundaries, etc. Consider an ordered struc
ture containing an interface across which there is a shift of half a lattice 
vector, corresponding to a phase change of x. A small objective lens 
aperture may be introduced which allows either the transmitted beam 
(bright-field) or diffracted beam(s) (dark-field) to form a conventional 
diffraction contrast image (see e.g. [38]). In some cases it is difficult 
to obtain appropriate dark-field images due to the weak intensity of 
the corresponing superlattice diffraction beams, e.g. for a thin crystal 
image corresponding to Fig.lOd; in other cases the additional phase 
shift a may be too small to show significant intensity in the electron 
diffraction pattern so one does not know where to put the aperture 
and which area to record. For a PMN crystal for example; recording a 
diffraction pattern with visible superlattice intensity may require a few 
minutes exposure. Another problem with conventional TEM techniques 
is that the atomic structure of the imperfection may be impossible to 
determine due to lack of resolution. However, a high resolution im
age processing technique has been developed by the authors [39] which 
overcomes these problems. 

The principle of a method for extracting high-resolution dark-field 
images by image processing may be summarized as follows. When 
a plane wave is incident onto a crystal, the diffracted waves are ex
cited from a set of lattice planes. These diffracted waves carry the 
information about the atomic number and position of the atoms in 
the specimen. The information on the atomic number of the con
stituent atoms is in the amplitude and that on the positions of the 
atoms is in the phase; the wave function follows the equation #/i(r) = 
i!?Hexp[2irkh * r], with * = £» Eiexp[-2*h * Rm], where E,- is the scat
tering factor which represent the ith atom and Rm = Ro+Ri represents 
the atom position. The intensity of the diffracted wave is expressed as 
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/* = E.., EiEiexri-torik * (*. - *,)] 
Here, /* is a function of the relative position (Rj — Rj) of the atoms 

in the unit cell and not of the absolute atom positions A . . Therefore, 
it is rather difficult to determine the absolute atom positions in the 
crystal from the electron diffraction pattern. When the diffracted wave 
interferes with the primary wave •«>(»") = •o«*p[2iri*b*r], at the image 
plane, the resulting wave function becomes • (r) = •<>(»") + •*(»") = 
exp(2Ttior{l + exj4-2irt7i*/t-»r]}] where Bj = 1 and kh = ko + h. The 
intensity distribution of the image is given as 

/, = ||*(r)*'(r)|| = 4c«s2[ir* • (ft . - r)] = 4c*s2[irft«/4 where 
d is the periodicity of atom arrangment. Now, the intensity /,- is a 
function of the absolute atom position Rm, which can not be seen in 
the intensity of the electron diffraction pattern but does appear in the 
image. Recording of the phases (information on atom position) by 
the interference of primary and diffracted waves is identical with the 
principle of holography. Recording of the absolute atom positions Rm in 
the image intensity is a characteristic feature of the electron microscope 
image. 

High resolution partial image reconstruction was therefore designed 
to extract and enhance particularly interesting features or reveal weak 
structural imformation from /, and /* by processing and reconstructing 
n-beam high-resolution electron microscope images. Computer calcula
tion of the Fourier transforms (and power spectra) of HRTEM images 
and inversion is essential for these methods. The symmetrical (or asym
metrical) many beam cases and the one beam dark field images can be 
easily extracted using an appropriate mask or apertures to select the 
imfoimation from the Fourier transform of the digitized HRTEM image, 
then the inverse Fourier transform is used to reconstruct the required 
image. More electron optical details of this procedure will be published 
elsewhere [39]. 

(b) Image retrieval results 

Figs.lOa is a digitized experimental image; Fig.lOb is a computer 
simulated image of the e-NNNI model (s=2000, Fig.7(d)) and Fig. 10c 
is a computer simulated image of the NNNI model (s=1000, Fig.6(f)) 
where the insets show the power spectra of the three images respec-
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tively. 
Figs.lOd,e,f show the corresponding many-beam bright-field images 

obtained as described above; the corresponding power spectra, are inset 
in each case. Note, however, that the image reconstructions were made 
using the real and imaginary parts of the Fourier transforms. Actually, 
Figs.lOd,e,f show the real part of the Fourier transform of a set of 
{h+1/2, j+1/2, k+1/2} superlattice beams plus the transmitted beam, 
as shown in the insets. Note that it is the e-NNNI model which provides 
the better representation of the processed experimental image. 

Figs.lOg,h,i axe the corresponding high resolution many-beam dark-
field images retrieved for the three structures; note the dose agreement 
obtained for the e-NNNI model (Fig.lOh) compared with the processed 
experimental image (Fig.lOg). These high resolution dark-field im-
gaes were reconstructed using four {h+1/2, j+1/2, k+1/2} superlattice 
spots, as shown inset in each ca.**. 

Finally, Figs.lOj,k,l show one-beam dark-field images obtained us
ing a single h+1/2, j+1/2, k+1/2 superlattice spot (inset); again, it 
is the e-NNNI model which is in good agreement with the processed 
experimental image. 

Note that the experimental image was carefully chosen to corre
spond to a very thin area, probably less than 3nm thick; in this case 
there is a one-to-one correspondance between the computer simulated 
images and structures and the experimental images. As the crystal 
thickness increases the relationship between image intensity and the 
structures being images quickly becomes nonlinear; the prediction of 
the thicker crystal images and image reconstuctions may be followed 
through using the above methods but this is not considered worthwhile 
in the present paper; it must be left as an exercise in electron optics. 
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8. Discussion 

When a ferroelectric crystal is cooled below its Curie temperature, 
in the absence of external electrical and mechanical stresses, it gener
ally breaks up into ferroelectric domains. The directions of polar axes 
in the neighboring domains are distributed over all the symmetrically 
equivalent vectors with equal probability, so retaining the original point 
symmetry overall. Those are lefeiied as ferroelectric domains or polar 
domains. The size of polar domains depends on specific factors for in
dividual crystals such as defects, composition fluctuations and external 
and internal electric fields. It may range from macro- (macrodomain) 
to micro- (mkrodomain) scales. It was evidenced in the study by Bur-
sill and Peng [40] of BaTiQi that the ferroelectric domain rise tends 
to become very small at crystal surfaces or edges, and that these small 
domains (approx. 50A dimensions) often tend to fluctuate and oscillate 
rapidly. Such spontaneous polar fluctuations imply a relatively large 
dielectric response, following the Debye dipolar relaxation theory. 

AU simple perovskite type compounds have sharp phase transitions 
(e.g., BaTiCb). Diffuse phase transitions are observed only in solid so
lutions such as (Sr^TiOj-Bi^TiOj, (Ba, Sr)(Ta, Nb^O*, and Ba(Ti, 
Sn)C>3). They are ubiquitous in complex perovskite compounds such 
as the relaxor types PST and PMN. 

Consider an arbitrary small region (several ten unit cells, say < 
lOOA in size) in the MCS of PMN as shown in Fig.4 and enlarged as 
Fig.5a; a No-rich cluster (E) situated at the center of the region may be 
surrounded by the different types of clusters (A, B, C, D, E, F and G) 
which clearly leads to structural and chemical inhomogeneities. This 
may be referred to as a frozen structural defect (FSD) in the sense 
that broken translations^ symmetry exists due to the gross chemical 
disorder. 

The classical explanation for a diffuse phase transition [6,7] was that 
polar domains associated with ferroelectric phase transitions may have 
different onset temperatures in association with different types of FSD 
cluster. Diffuse phase transitions may then be expected for PMN due 
to the presence of FSD in different regions. What has been achieved 
in the work described above is the development of a realistic atomistic 
structural model for the nature of chemical defect clusters in PMN. The 
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cluster statistics will be used in further papers by the authors concern
ing the prediction of the dielectric response of PMN. This atomic model 
of the chemical structural defects leads us to the view that there must 
be a distribution of electric and elastic fields in PMN. Any theory of re-
laxor dielectric response must account for the existence of the different 
types of chemical defects elaborated above, both charged and neutral 
clusters, domain walls, etc which may be expected to couple more or 
less strongly with polar domain configurations and the dynamics of the 
relaxor state characteristic of PMN. 

The size distribution of polar nanodomains is at least similar to 
that of the FSD state. It remains to establish the correspondence, if 
any, between the FSD and the polar nanodomain textures. Whereas 
these two obviously overlap in space and are interdependent via electro
static interactions, it is by no means certain there is a one-to-one spa
tial correspondence. Such nanocrystalline glass-like chemical and polar 
structures are expected to be isotropic to x-rays and other macroscopic 
experiments. We are now attempting to obtain, from one HRTEM im
age, both the FSD and the polar nanodomain spatial distributions; this 
has been achieved for PST and is being attempted for PMN. 

In field-cooling experiments, the spontaneous polarization vectors 
of polar clusters become aligned and nanodomains grow into larger 
microdomains then macrodomains, imposing a field-constrained ferro
electric state, see e.g. the elegant results obtained for PMN by Ye and 
Schmid [42]. 

Although polar nanodomain fluctuations have now been observed 
for electron beam experiments using HRTEM and HRDF images it 
remains an open question as to what extent the dynamical nature of the 
polar clusters involves dipole moments thermally fluctuating between 
equivalent polarization directions (polar-polar switching) and/or polar 
to non-polar fluctuations (polar/non-polar switching). 

Detailed chemical texture analysis should allow us to give some 
comment on its influence on polar nanodomain textures and dielectric 
response. Random fields presumably play an important role in relaxor 
dielectric response. It can be deduced from the scale of the chemical 
textures that the random fields are not totally uncorrected down to the 
atomic scale; rather, both the chemical and polar textures occur at the 
nanoscale. It is this scale which must Anally determine the dielectric 
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response of PMN. 
A polar nanodomain containing a FSD center will tend to align 

with the electric field and not easily flip to other orientations, while 
nanodomains not controlled by a local random field will easily flip and 
can combine with other polar nanodomains to form a larger polar do
main. As the temperature is decreased, the polar clusters will grow. 
If the concentration of defect centers is very high at a certain stage 
the field controlled domains will make contact with each other, hence 
frustation must occur and a random field stablized domain state will 
result. If the concentration of defect centers is not high enough for the 
frustration to occur, a PE to FE phase transtion will take place.The 
latter may be described using the bond percolation model. The detail 
of our model and the analysis will be published elsewhere (Qian and 
Bursill [30]). 

It should be clear from this report that HRTEM bright- and dark-
field imaging techniques have a vital and interesting role to play in 
exposing nanodomain structures and textures as well as spatial and to 
a limited extent temporal fluctuations. These techniques have become 
even more powerful in this paper, as they are combined with MCS and 
NNNI modelling of the disordered structures. Thus, as demonstrated in 
the present work, an atomistic statistical physical theoretical approach 
to the understanding of the structure-property relationships becomes 
directly accessible. 
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Figure Captions 

Figure 1 
HRTEM image of PMN viewed along the [110] projection; nanoscale heterogeneity 
is indicated by sharp changes of fine detail. The selected area ED pattern is inset; 
weak superlattice reflections located at (h+1/2, k+1/2,1+1/2) positions indicate 
non-stoichiometric 1:1 ordering of M g 2 + and N b 5 + ions. 

Figure 2 
Enlarged portion of Fig.l, showing HRTEM image from an extremely thin edge; 
inset shows the power spectrum of this area. 

Figure 3 
(a) Perspective view of the perovskite-type structure of PMN. 
(b) <110> projection of PMN-d; note Pm3m cubic unit cell. 
(c) <110> projection of PMN-o; note Fm3m doubled cell. 
(d) 6x6x6 cubic ordered model for PMN; note 6x6x6 superlattice, containing 1:1 
ordered center surrounded by Nb-rich shell; after [8]. 
(e) 6x6x6 cubic 2:1 ordered model; the corners of the supercell each contain 2:1 
ordering directed along the eight different{llIndirections. 

Figure 4 
Monte Carlo simulation of PMN for a [110] bounded section two atomic layers deep; 
note different types of Nb-Mg clusters indicated by shadings labelled A to G. 

Figure 5 
(a) Enlargement of area circled in Fig.4, showing detail of clusters labelled A to 
G; note large filled circles indicate Nb and small filled circles indicate Mg atom 
positions. 
(b) Detail of defects A, B, C, D, E, F and G from Fig.4; see text for description. 

Figure 6 
(a-f) Shows the evolution of chemical ordering in PMN for the NNNI model sim
ulation; note rapid loss of B and C type clusters and development of 1:1 ordered 
domains; the latter continue to grow with increasing Monte Carlo steps. Corre
sponding power spectra are inset; note increasing (h+1/2, k+1/2,1+1 /2) super-
lattice intensity for increasing mcs. 

Figure 7 
(a-d) Shows the evolution of chemical ordering in PMN for the e-NNNI model 
simulation; note that the 1:1 ordered domains are now limited in size (c.f. Fig.6). 
Insets show the corresponding power spectra; thus the intensity of the (h+1/2, 
k+1/2, 1+1/2) superlattice spots is limited to values similar to experiment (c.f. 
inset Fig.2). 
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Figure 8 
Thickness/focal series of computer simulated images for the three structural mod
els (a) CMI; (b) CMII and (c) CMIII for the [110] projection; corresponding power 
spectra are inset; note absence of superlattice for (a); (h+l/2,k+l/2, l+l/2) super-
lattice spots occur for (b); relatively strong (h+l/3,k+l/3, l+l/3) superlattice spots 
and additiop J weak spots occur for (c). 

Figure 9 
Computer-simulated images for (a) NNNI model at mcs step 0; (b) NNNI model 
at mcs 1000 (c.f. Fig.6(f)); (c) e-NNNI model at mcs 2000 (c.f. Fig.7(d)); all for 
the [110] zone of PMN at the Scherzer defocus condition (-500A) and thickness of 
three unit cells (17A). Power spectra are inset. There are no superlattice spots for 
the MCS model but superlattice spots occur at (h+1/2, k+1/2, 1+1/2) positions 
for both NNNI and e-NNNI models. 
(d) shows for comparison a digitized portion of the experimental Fig.l taken from 
the thinnest edge possible. 

Figure 10 
(a) is a digitized experimental image; (b) is a computer simulated image of the 
e-NNNI model (s=2000, Fig.7(d)) and (c) is a computer simulated image of the 
NNNI model (s=1000, Fig.6(f)); inset are power spectra for these three images 
respectively. 
(d-1) show details of the image reconstructions referred to in detail in the text. 
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Table 1. Structural data for chemically ordered models of PMN 

Model Structure Unit Cell Superlattice Superlattice 
name direction structure factor 
CMI Cubic Pm3m 

B sites averaged 
with Nb:Mg=2:l 

a=4.07A no 

CMII Cubic 6x6x6 a=24.42A < 1 1 1 > F 6 66=72f 1+144f 2 

Nb:Mg=l:l l / 2 < 111 > F3 33=72f1-144f2 

core plus Nb l / 2 < 001 > Foo3=12f,-12f2 

outer shell l / 2 < Oil > 
l / 3 < 001 > 
l / 6 < 001 > 

Fo33=12fi-12f2 

Foo2=-6fi+6f2 

Fooi=6fi-f2 
CMIII Cubic 6x6x6 a=24.42A < 111 > F666=72f,+144f2 

Nb:Mg=2:l l / 3 < 111 > F 2j 2=18fi — / 2 

ordering 2/3< 111 > F444=18fl — f% 
alternatively l / 6 < 244 > F244=18fl — j% 

along all eight l / 6< 233 > F2 33=-24f1 + 24 / 2 

< 111 > directions l / 6 < 433 > F453=-24f, + 24 / 2 

MCS Pm3m 
B sites randomly 
distributed with 

Nb:Mg=2:l 

a=146.5A 
b=146.5A 
c=17.28A 

no 

NNNI PbMg 1 / 2 Nb 1 / 2 0 3 

phase separates 
from 

PbNb0 3 phase 

a=97.68A 
b=138.14A 
c=17.28A 

l / 2 < 111 > 

e-NNNI 1:1 ordered 
microdomains 
with domain 
size limited 

a=97.68A 
b=38.68A 
c=17.28A 

l / 2 < 111 > 
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Table 2. Madelung Constant of A(B'i / 3 Bi' / 3 )0 3 Structures 

Model Symmetry a a - a(CMI) 
HexM Hexagonal 50.9877 1.4779 
CMIII Cubic 50.%75 1.4577 
OrtM Orthorhombic 50.5565 1.0467 
CMII Cubic 50.3326 0.8228 
CMI Cubic 49.5098 0.0 
TetM Tetragonal 49.2292 -0.2806 
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