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I. Introduction

Crystalline compounds are generally chemically inhomogeneous
because they contain impurities (atoms, ions, vacancies), which
disrupt the three-dimensional periodicity of the host crystal
structure. Numerous atomic defects are often distributed over
the crystal rather uniformly. In these cases, systems are quasi-
homogeneous and can be characterised by a single atomic
structure, which is established by diffractionmethods. The present
review surveys such real crystal structures and the related views on
isomorphism, polysomatism, solid solutions, mixed crystals and
compounds with non-stoichiometric or variable compositions.

Extensive investigations of the real structures of chemically
inhomogeneous crystals are currently underway both in Russia
and abroad. In the last decades, new experimental analytical
methods (synchrotron radiation, EXAFS spectroscopy, high-
resolution electron microscopy, etc.) and powerful computer
facilities have been developed and designed. Besides, a number
of lines of theoretical research dealing with diffraction in quasi-
homogeneous systems and their symmetry have been further
elaborated. All these advances have provided a higher level of
detailed information on real crystal structures. The amount of
available information obtained by these methods has increased
dramatically and fine details of the local structures of real crystals
have been revealed. As a consequence, there is a common
impression that each crystal has a unique structure and that it is

impossible to characterise real crystal structures using precise
mathematical laws. In addition, a number of complex structures
with non-stoichiometric compositions, which could not be
described by three-dimensionally periodic models, were studied
by diffraction methods and it was reported that these structures
can be used for the construction of new composite crystalline
materials possessing useful properties.

The aim of the present review is to analyse the available data
on real crystal structures of inorganic compounds with atomic
defects. Initially, types of distortion of the long-range order in
chemically inhomogeneous structures and their basic classifica-
tion are considered. Then the characteristic features of the main
structural types (symmetry, composite character, ordering, etc.),
the accepted nomenclature and characteristic diffraction features
are discussed using inorganic compounds as an example.

The need for such generalisations became apparent long ago.
Researchers from different scientific schools often use different
nomenclatures for the description of analogously organised real
crystal structures, which hinders mutual understanding and does
not allow one to obtain the general structural picture. In the
present review, relationships between numerous real crystal struc-
tures with atomic defects are revealed on the basis of precise
mathematical (symmetry) laws and ways of simplifying and
generalising their nomenclature are proposed.

II. Main types of quasi-homogeneous structures

Let us consider types of distortions in the ideal three-dimensional
long-range order caused by impurity atomic complexes of differ-
ent sizes (Fig. 1): point (zero-dimensional), linear (one-dimen-
sional), plane (two-dimensional) and volume (three-dimensional)
defects.1
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The insertion of impurity atoms, ions or vacancies into the
ideal lattice of the host crystal gives rise to atomic point defects.
Such structures contain rows of main and impurity atoms in
addition to regular atomic rows along which an ideal translational
symmetry with the lattice parameter a of the host crystal is
retained (Fig. 2 a).2 The atom distribution along such rows does
not violate the statistical translational parameter, which is equal
to the host crystal constant a (in real structures, close to a)
(Fig. 2 b). This means that the distance Xn between the first (A0)
and nth (An) atoms in the row of n atoms approaches na when
n??, whereas the distances between the adjacent atoms may
substantially vary. Guinier 3 called this type of distortions in the
long-range order the `replacement disorder' and considered it as a
manifestation of disorder of the first kind. This type of disorder is
also associated with thermal vibrations of atoms due to which
ideal atomic rows are wholly absent in real crystal structures.

Atomic volume defects appear in crystal structures if the
distribution of atomic impurities obeys a three-dimensional trans-
lational symmetry, which differs from the symmetry of the host
crystal. In this case, the structure necessarily has at least one
direction along which the major and impurity structural units are
distributed with different periodicities (Fig. 2 c,d ). As a conse-
quence, the crystal has the superperiods na. If the co-existing
three-dimensional sublattices are essentially incommensurate

(Fig. 2 d ), the parameters of the common crystal lattice can
reach several hundred angstroms.

The disorder of another type, viz., disorder of the second
kind,3 occurs in the host crystal structure, when the distribution of
atomic impurities obeys a translational symmetry in less than
three directions, i.e., when structural units in real crystal structures
are distributed non-periodically along particular directions and
only local regularities take place (Fig. 2 e). The difference between
Xn and na increases with increasing n. However, the fluctuations of
the distances between the adjacent atomsmay be of the same order
as those observed in the structures with the above-described types
of disorder. Disorder of the second kind is typical of structures
with atomic planar or linear defects. In the former case, the
periodicity of the host crystal structure is distorted only in one
direction. In the latter case, the periodicity is violated in two
directions.

Hence, only three types of disorder can occur in chemically
inhomogeneous structures under consideration. Correspond-
ingly, three types of real crystal structures can be distinguished
based on the translational symmetry retained in the crystal (see
Fig. 2).2, 4

In structures of type I (with atomic point defects), the three-
dimensional lattice of the host crystal is statistically retained.

In structures of type II (with atomic volume defects), the
disorder is associated with the fact that the major and impurity
atoms obey different translational symmetries (Fig. 2 c, d ). These
structures are characterised by two or more three-dimensional
sublattices (commensurate or incommensurate) or by a single
three-dimensional lattice with superperiods, which are multiples
of the lattice parameters of the host crystal.

Structures of type III (with atomic planar or linear defects) are
periodic in less than three (in two or one) directions. These
structures are characterised by two or more two-dimensional or
one-dimensional sublattices (commensurate or incommensurate),
which generally contain point defects.

III. Structures with atomic point defects (type I)

1. General views
Point defects, which do not disturb the three-dimensional stat-
istical lattice, are present in virtually all crystals of both natural
and synthetic origin. These defects occur due to continuous
replacements of structural elements in the host crystal (atoms,
ions, vacancies and their associates) as well as through other
order ± disorder processes. These crystal-chemical effects corre-
spond to the modern views on isomorphism (see, for example,
Ref. 5). Order ± disorder transformations can be considered as a
special case of isomorphism, viz., autoisomorphism, which is
characterised by the redistribution of atoms and vacancies in the
crystal structure. If the isomorphous replacement is accompanied
by a change in the structural type of the crystal, this phenomenon
is called isodimorphism.

The isomorphism and related problems were the subject of
numerous reviews, including classical monographs by Russian
scientists.6 ± 10 The morphological aspect of isomorphism, which
was described by Mitscherlich 11 as a manifestation of the sim-
ilarity in habits of crystals with different chemical compositions, is
already a history. The crystal-chemical interpretation of this
phenomenon, which assumes the similarity in the sizes of particles
replacing each other as well as the similarity in some of their
properties (Goldschmidt's rule), has also been essentially refined
as the notion of the real crystal structures became deeper andmore
general. The history of evolution of these notions has been
described in detail (see, for example, Ref. 12). It is common
practice to consider quasi-homogeneous structures, which appear
due to isomorphous replacements of different types, as solid
solutions (replacement, insertion, subtractions, etc.). Besides,
such systems are called mixed crystals, isomorphous mixtures,
crystals, phases and compounds with variable compositions (see,
for example, Refs 6, 10 and 13). The last-mentioned three terms
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Figure 2. Types of atomic rows in crystal structures with atomic defects

(main and impurity atoms are represented by empty and solid circles,

respectively);2

(a) structures without impurity atoms; main atoms follow translational

symmetry with the parameter a; (b) main and impurity atoms obey

statistical translational symmetry with the parameter a; (c) main and

impurity atoms follow different translational symmetries with the param-

eters a and a1, respectively (a1= na, where n is an integer); (d) main and

impurity atoms obey different translational symmetries with the param-

eters a and a1, respectively (a1= sa, where s is an irrational number); (e) a

non-periodic atomic distribution.
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are less general because they do not take into account autoiso-
morphism.

2. Composite analysis. Way of description
Idealised structures of solid solutions consist of statistically
alternating modules as `unit cells', which correspond to the real
or hypothetical end members of isomorphous (or isodimorphous)
series (Fig. 3).2 Consequently, crystal structures with atomic point
defects are composed of at least two statistically alternating
substructures, which are generally isostructural and differ only
in composition. Hence, such real structures can be considered as
composite structures. If vacancies serve as atomic point defects
(Fig. 3 b), the corresponding real structures represent one of the
possible forms of non-stoichiometry.14 Due to local displacements
induced by impurity atoms, the co-existing `unit cells' undergo
substantial local deformations (Fig. 4).15

The relationship between the parameters of two `unit cells' of
solid solution (a1, b1, c1 and a2, b2, c2) can be described by the
following matrix equation

A2=sA1, (1)

where Ai=
ai
bi
ci

������
������; i � 1; 2; s �

s11 s12 s13
s21 s22 s23
s31 s32 s33

������
������.

In the general case, the components of the matrix s are
irrational due to local deformations. Since a system statistically
retains the three-dimensional long-range order, the average rela-
tional matrix s� is always a unit matrix and the structure of a solid
solution can be described by an averaged unit cell with a mixed
occupancy of at least one crystallographic site. This means that
the site is occupied in a particular ratio by at least two elements,

such as atoms, ions or vacancies. Partially vacant crystallographic
sites are the necessary element in the crystal structures with non-
stoichiometric compositions.

3. Symmetry
The symmetry of an average structure is statistically overesti-
mated and is characterised by one of the space groups, viz., G3

3.
The parameters of a statistical three-dimensional periodic lattice
are similar to those of the host crystal. It should be noted that the
symmetry of the solid solution can be either higher or lower than
the symmetry of the host crystal depending on the ordering of the
distribution of impurity elements over regular point systems. If a
solid solution is in the middle of an isomorphous (isodimorphous)
series or it is formed through order ± disorder processes, the
notion of the host crystal loses its meaning. The symmetry of a
solid solution can change both on crystal growth and in the course
of its post-crystallisation transformations. Structural transforma-
tions can proceed either stepwise or continuously, both with
changes (type I or II isodimorphism) and retention (type I or II
polymorphism) of the overall composition of the crystal.5, 16

4. Chemical deformations of average structures
Changes in the composition of a solid solution as a result of
isomorphous replacements lead to chemical deformations of the
average crystal structure 9, 12 characterised by changes in the
lattice constants, interatomic distances and bond angles. The
mutual dependence between these changes enables one to study
selected structural features of solid solutions on the basis of the
crystal lattice parameters and interplanar distances (see, for
example, the studies 17 ± 20).

Deformations of coordination polyhedra caused by changes
in the chemical composition, temperature or pressure often show
traits of similarity (primarily, in crystals with essentially ionic
bonds).9, 21, 22 Chemical deformations can be quantitatively char-
acterised by the coefficient ga (%71)

ga �
1

a

da

dx
,

which characterises the relative increment of a particular struc-
tural parameter a as the impurity concentration (x) is increased by
1%, by analogy with the thermal expansion coefficients.9, 21

Deformations of different nature can be quantitatively com-
pared by calculating their mutual equivalents. For example, it is
convenient to use the ratio ga/a [8C (at.%)71], where ga is the
coefficient of chemical deformations and a is the thermal expan-
sion coefficient, as the thermal equivalent of the chemical defor-
mation of the structure (on the basis of the parameter a for a
particular isomorphous replacement).9

Local displacements of atoms from ideal sites lead to devia-
tions of both the lattice parameters and average interatomic
distances in the solid solution from Vegard's rule, i.e., from the
strictly additive behaviour,23 which lies at the basis of the virtual
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Figure 3. Schematic representation of the structures of the solid solu-

tionsA(B0.5C0.5) (a) andA(B0.5&0.5) (b); empty cells represent vacancies in

the positions of the atoms C.2

Figure 4. Local deformation of unit cells of a host crystal induced by

impurity atoms.15
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crystal model (Fig. 5). These characteristics also do not obey the
bond length alternation model according to which the bond
lengths in a solid solution are equal to those in pure compounds
(end members of the isomorphous series). These models are the
hypothetical limiting cases. The actual parameters and intera-
tomic distances in a solid solution are intermediate between the
above-mentioned limiting values and the determination of these
parameters is the subject of a special experimental study. The
degree of structure relaxation of a solid solution can be charac-
terised by the following parameter

e � RBC ÿ R�AC

R�BC ÿ R�AC

,

where RBC are the bond lengths in the structure of the solid
solution (A17xBx)C, R

�
B_C and R�AC are the bond lengths in the

structures of the corresponding pure components.23 Relaxation of
the virtual crystal AC with a very small impurity BC approaches
zero, whereas relaxation of the crystal with the bond-length
alternation is maximum (equal to unity). In real structures of
solid solutions, relaxation is incomplete (0< e<1).

5. Short-range order
In crystals of compounds with ionic bonds, the electroneutrality
condition requires that atomic defects be generated in pairs
(Fig. 6), viz., a vacancy and the corresponding interstitial ion
(Frenkel defect), two vacancies of opposite charges (Schottky

defect) or two interstitial ions of opposite charges (antipode of the
Schottky defect). The formation of defects is accompanied by
migrations of the surrounding atoms. Atoms about the vacancies
are shifted primarily toward the vacant lattice point, whereas
interstitial ions, by contrast, push aside the adjacent atoms.
Hence, the fulfilment of the electroneutrality condition for a
solid solution primarily through a local charge compensation
gives rise to a short-range order (appearance of block isomor-
phism 15). In non-stoichiometric solid solutions, statistically dis-
tributed associates of atoms and vacancies (simple and complex
clusters) whose compositions and structures differ from those of
the host crystal can occur. Due to the presence of such defect
complexes, impurity atoms in the host crystal structure can create
coordination conditions typical of the structures of real or hypo-
thetical end members of isomorphous (isodimorphous) series.2 If
several structural modifications of the compound can occur, the
impurity atoms tend to give rise to the coordination typical of the
modification that is the nearest to the phase of the host crystal in
the phase diagram.24 The possibility of the presence of statistically
distributed cluster groups in the structure of a solid solution is
often evidenced by unreasonably shortened interatomic distances.

6. Diffraction patterns
Diffraction patterns of quasi-homogeneous structures with
atomic point defects represent three-dimensional reciprocal latti-
ces and differ from the patterns of ideal three-dimensionally
periodic crystals only by generally insignificant effects of diffusion
scattering associated with manifestations of a short-range order.

7. Ordering
The insertions of atomic point defects into an ideal three-dimen-
sional lattice leads to lowering of the internal order of the system.
If all symmetry elements, except for translations, are ignored, the
crystal structure with these defects can be described as a combi-
nation of intersecting translationally equivalent atomic sublatti-
ces, into some of which impurity atoms are inserted. The larger is
the portion of such statistical atomic sublattices, the lesser is the
degree of internal order. It should be noted that crystal structures
with atomic point defects are the most ordered form of the
naturally occurring condensed state.

IV. Structures with atomic volume defects (type II)

1. General notions
Crystal structures with atomic volume defects (multilattice struc-
tures) were found among minerals and can be prepared under
laboratory conditions by performing the synthesis in multicom-
ponent systems. These structures show considerable promise in
searching for new materials with useful properties. These struc-
tures are poorly studied primarily because of the fact that classical
X-ray diffractionmethods on the basis of three-dimensional space
symmetry groups are not sufficiently efficient to solve super-
structures (particularly, with large periods). Due to the design of
special computer programs involving N-dimensional descriptions
of superspace symmetry groups, considerable progress has been
made in the determination of multilattice crystal structures in the
last decade.

The structures under consideration can appear due to iso-
morphism, if atomic point defects are inserted into the host lattice
in an ordered fashion. This is a way in which superstructures of
ordered solid solutions are formed (Fig. 7). In such crystals, the
co-existing sublattices are commensurate. Quasi-homogeneous
systems with essentially incommensurate three-dimensional sub-
lattices can occur, if the host crystal structure contains periodi-
cally distributed fragments (layers or columns) with other
structures (Fig. 8). Frank-Kamenetskii 1, 10 related the formation
of such structures to anomalous (lamellar) isomorphism (see
Fig. 1). According to the modern notions, this is a manifestation
of polysomatism.
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Figure 5. Changes in the B7C and A7C interatomic distances depend-

ing on the composition of the solid solution (A17xBx)C determined within

the virtual crystal model (1) and bond length alternation model (2, 3) and

on the basis of experimental data (4, 5) (after V S Urusov 23);

(2 and 4) RBC; (3 and 5) RAC.
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Figure 6. Point defects in the NaCl-type crystals.15

(1) Frenkel defects, (2) Schottky defects, (3) antipode of the Schottky
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The term `polysomatism' was proposed by Thompson 26 for
the description of the formation of complex mineral structures
from fragments (modules) of different simpler (really occurring in
nature) compounds. The commonly accepted extended concept of

polysomatism (see, for example, Refs 27 ± 30) is applied to various
series of crystal structures consisting of modules of at least two
types. Generally, modules (layers, columns or blocks) differ both
in the structure and composition, but they can differ only in one of
these parameters. Polysomatism is very widespread in nature and
is often, along with isomorphism, responsible for non-stoichiom-
etry of compounds. Apparently, the mechanisms of formation of
members of polysomatic series (polysomes) can be described with
the use of models developed for polytypes.30 Polysomatic struc-
tural series are often described as homologous series.31, 32

Crystal structures with incommensurate sublattices are typical
of minerals and synthetic (both inorganic and organic) com-
pounds. In nature, such structures most often occur in small
amounts and inmixtures with other minerals. These structures are
variously referred to as hybrids,33 intergrowth structures,34 misfit
layered structures,35 ± 37 incommensurate ladder structures,38 ± 41

intercalates,42 etc. Due to the structural similarity of multilattice
compounds, they are assigned to one group and considered as
composite structures.25, 43, 44

Composite structures were surveyed in the monograph 45 and
reviews.25, 34 ± 37, 44 Unfortunately, data on the structures of this
type containing more than two components are very scarce.

The minerals koenenite [(Mg,Al)(OH)2]x[(Na,Ca,Mg)Cl2]
(x& 1.78) 46 and valleriite [(Mg,Al,Fe)(OH)2]x[(Fe,Cu)2S2]
(x=1.37 ± 1.56) 33, 47 are examples of layered composite struc-
tures. In the crystal structures of these minerals, the brucite-like
octahedral layers alternate with the NaCl-like layers or tetra-
hedral sulfide layers, respectively. Figure 9 shows the fragment of
the composite layered structure of valleriite represented as poly-
hedra. The minerals cylindrite [(Pb,Ag,Sn,Sb,Fe)S]x.
.[(Sn,Sb,Fe)S2] (x& 1.38),48 cannizzarite [(Pb,Bi)S]x[(Pb, Bi)2S3]
(x& 1.70 ± 1.71) 49 and their synthetic analogues provide exam-
ples of layered composite structures characterised by superperiods
of length >100 �A. Layered composite structures are known also
for graphite intercalates exhibiting high conductivity,42 for exam-
ple, for FeCl3-graphite.50 Layered structures of superconducting
bismuth cuprates Bi2Sr2CuO6+x and Bi2(Sr,Ca)3Cu2O8+x can
also be described as composite structures [Bi2Sr2CuO4] [O]y and
[Bi2(Sr,Ca)3Cu2O6][O]y (y& 2.2), respectively.51

The known columnar composite structures are much less in
number. For example, these structures are typical of the com-
pounds Bap(Fe2S4)q.52 In the structures of these compounds, the
chains of the edge-sharing Fe7S tetrahedra alternate with col-
umns of barium ions. Composite structures containing zigzag
chains as two-leg ladders occupy a special place. For example, the
structures of [M2Cu2O3]0.714[CuO2] (M=Bi, Sr, Ca, Y or lantha-
nides) 39 ± 41, 53 (Fig. 10) contain the Cu2O3 layers composed of
two-leg ladders, which alternate along the [010] direction with the
layers consisting of the CuO2 chains. If interactions between the
ladders are ignored, these structures can be considered as colum-
nar structures, which consist of two types of chains parallel to the
[001] direction. One of these phases with composition Sr0.4Ca13.6.

A
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2a

Figure 7. Schematic representation of the formation of a supercell

(shown by dashed lines) of an ordered solid solution.2
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Figure 8. Schematic illustration of the packing of the two sublattices (A,

B) in composite structures: column (a) and layer (b) (after P Coppens 25).

The appearance of a modulation of the sublattice B with the period of the

sublattice A is exemplified by columnar structures.

Figure 9. Fragment of the layer composite structure of valleriite.35
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.Cu24O41+x is transformed into the superconducting state at
9 ± 12 K and 4.5 GPa.54 Two-leg ladders are present also in
numerous composite structures of intermetallides,38 for example,
in [V]17[Ge]31, [Mo]9[Ge]16, [Re]17[Ge]22, [Te]17[Si]7, etc. In these
chimney-ladder structures (often with superperiods of length
>100 �A), chains ofGroup III and IVmetals (ladders) are inserted
into the channels of the frameworks of transition metals.

Frank-Kamenetskii 1 considered real crystal structures con-
taining extended chemical defects as solid solutions. These views
have been further developed in the study.27 The authors of the
cited study proposed that series of structures consisting of
analogous modules be considered as fragmentary solid solutions
composed not of individual atoms or ions but of structural
fragments arranged with different degrees of order. In usual
solid solutions, which are formed as a result of isomorphous
replacements, the structures are changed due to variations in the
chemical composition. By contrast, structural changes are respon-
sible for the formation of fragmentary solid solutions, whereas
variations in the composition are manifested only in relation to
these structural changes. In the light of these concepts, crystal
structures with atomic volume defects can be considered as
ordered fragmentary solid solutions.

2. Composite analysis. Ways of description
Crystal structures with atomic volume defects (regardless of the
commensurability of the co-existing sublattices) can always be
described as superstructures (the lengths of the superperiods can
reach hundreds of angstroms) or as composite structures consist-
ing of two or more mutually penetrating three-dimensionally
periodic substructures. Ionic-covalent bonds between atoms
within substructures are often much stronger than those between
atoms belonging to different substructures.25 In many cases, the
requirement of electroneutrality is ensured by variable-valence
elements. The stronger are interactions between the substructures,
the more substantial are mutual periodic distortions (modula-
tions).Modulations of the sublattice B occurwith the period of the
co-existing sublattice A (see Fig. 8 a) and vice versa. Hence,
composite structures of this type represent the most general case
of modulated structures. If the co-existing sublattices are essen-

tially incommensurate and the ratios between the volumes of the
subcells deviate from integer values, the structures characterise
one of the possible forms of manifestation of non-stoichiome-
try.14, 25, 43

The co-existence of different substructures in one crystal
imposes certain conditions on the components of the matrix s in
Eqn (1). In the case under consideration, Eqn (1) describes the
relations between the sublattice parameters.25, 43

If the composite structure consists of columns of two types
parallel to the axis c (see Fig. 8 a), it is necessary to avoid their
overlapping. Columns must fit together into an infinite array in
the plane perpendicular to the column axis. For this purpose, the
axes a2 and b2 are chosen in the planes a1c1 and b1c1, respectively.
Hence, the minimum requirements for the commensurability of
the parameters of the co-existing sublattices are determined by the
following matrix

s �
n1 0 s13
0 n2 s23
0 0 s33

������
������ , (2)

where n are integers or rational fractions and s are irrational
values. Consequently, five basis vectors are required for the
description of columnar composite structures.

In the case of layered composite structures (see Fig. 8 b), the
parallel planes cannot overlap, and theminimum requirements for
the space fitting of the co-existing sublattices are determined by
the following matrix

s �
s11 s12 0
s21 s22 0
s31 s32 n

������
������ . (3)

Six basis vectors are required for the description of such
structures. If the axes a and b of two sublattices can be chosen
parallel to each other (a1ka2, b1kb2), the matrix (3) takes the form

s �
s11 0 0
0 s22 0
s31 s32 n

������
������ . (4)

In this case, four basis vectors are sufficient for the description
of a layered composite structure.

Composite structures cannot be unambiguously classified
according to the type of the matrix relating the co-existing
sublattices. If the matrix s is reduced to a diagonal form, the
structure cannot be assigned to rod or layered structures (without
considering the characteristic features of chemical interactions).
For example, the structures of [M2Cu2O3]0.714[CuO2] (M=Bi, Sr,
Ca, Y or lanthanides) 39 ± 41, 53 (see Fig. 10) whose sublattices are
related by a diagonal matrix can be considered as structures
composed of either alternating layers perpendicular to the axis b
or alternating columns (rods) parallel to the axis c. Besides, the
structure identified according to the corresponding relational
matrix as a rod structure can, in fact, contain a framework formed
by one of the components through strong hydrogen or covalent
bonds. In this case, the second component is located as a guest in
the channels of the framework. For example, such guest ± host
structures are typical of urea-based complexes.25

3. Symmetry
Average structures of all substructures co-existing in the same
crystal (without considering possible modulations) and the super-
structure as a whole are characterised by the space groupsG3

3. The
space group of the superstructure is determined by the intersection
of the symmetry groups of the substructures at their given
orientations. If sublattices co-existing in the same crystal are
substantially incommensurate, the lengths of the superperiods
can reach hundreds of angstroms. In this case, it is reasonable to
consider the system as periodic in more than three directions
(Fig. 11).25 Then, taking into account mutual modulations whose
periodicity is determined by the parameters of the co-existing
sublattices (see Fig. 8 a), the symmetry of each of the substruc-
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Figure 10. The composite structure of [M2Cu2O3]0.714[CuO2] (M=Bi, Sr,

Ca);41

(a) layers of the CuO2 chains, (b) layers of the cations M, (c) Cu2O3 layers

built from two-leg ladders.
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tures and the system as a whole can be characterised by the
superspace groups G3�d

3�d (Refs 25, 44). Composite structures with
commensurate sublattices can also be described with the use of
superspace symmetry groups (see Ref. 44 and other publications).

The theory of superspace groups, which has been extensively
developed in the last decades, was considered in the studies 55 ± 62

and the expressions for structure factors corresponding to these
concepts were published in the studies.44, 63

4. Diffraction patterns
In the general case, the diffraction pattern of a composite
crystal 25, 44 is very complicated due to overlapping of the diffrac-
tion patterns of all co-existing substructures. In such a pattern,
there are the so-called main reflections among which are mixed
reflections serving simultaneously as main reflections for one of
substructures and as satellite reflections for another substructure.
In addition, weak satellite reflections should be present, which are
unambiguously indicative of the occurrence of modulations
caused by interactions between the substructures. However,
satellite reflections are often impossible to reveal by X-ray
diffraction methods and mixed reflections are the only source of
information on modulations of sublattices. Depending on the
incommensurability of sublattices co-existing in the crystal, the
diffraction pattern can be virtually indistinguishable from that of
either an oriented intergrowth or an ideal three-dimensionally
periodic crystal.

In the general case, 3+d basis vectors are required for index-
ing diffraction patterns of a composite crystal (Fig. 12). The
relationship between the parameters of two reciprocal sublattices
a�1, b

�
1, c

�
1 and a�2, b

�
2, c

�
2 can be described by the following matrix

equation: 25

A�2 � �sÿ1�TA�1 � s�A�1, (5)

where A�i �
a�i
b�i
c�i

������
������, i=1, 2; s is the matrix from Eqn (1);

T is a transpose operation.
In the case of columnar composite structures for which the

relationship between the sublattices is determined by the matrix
(2), the matrix s� takes the form

s� �
1=n1 0 0
0 1=n2 0

ÿs13�n1s33� ÿs23�n2s33� 1=s33

������
������ . (6)

Hence, the axes a�1 and b�1 are parallel to the axes a�2 and b�2,
respectively (in the reciprocal space, the hk0 plane is common to
both substructures), and the diffraction pattern can be described
by four basis vectors (d=1).

In the case of layered composite structures for which the
relationship between the sublattices is determined by the matrix
(4), the matrix s* takes the form

s� �
1=s11 0 ÿs31�ns11�
0 1=s22 ÿs32�ns22�
0 0 1=n

������
������ . (7)

Here, only the axis c* is common to both substructures, and the
diffraction pattern is described by five basis vectors (d=2).

5. Ordering
The appearance of superperiods decreases the homogeneity of the
crystal structure. In different structures, the degree of ordering
varies substantially and decreases with increasing incommensur-
ability of the co-existing sublattices (with increasing volume of the
unit cell characterising the superstructure). It should be remem-
bered that structures with atomic volume defects virtually always
contain atomic point defects as well. Therefore, structures of type
II are characterised by lower degrees of internal ordering com-
pared to those observed in the above-described structures of type I
(usual solid solutions).

V. Structures with atomic planar and linear defects
(type III)

1. General views. Probability-statistical models
Chemically inhomogeneous structures, which consist of modules
(layers or columns) with different compositions alternating in a
disordered fashion, are also rather widespread among natural and
synthetic compounds. According to the results of high-resolution
electron microscopy (see, for example, Refs 64 and 65), structures
with two-dimensional defects represent one of the most wide-
spread types of crystal inhomogeneity. Irregularly alternating
modules can have either different or identical atomic structures.
Structures of the first type are characteristic of members of
polysomatic series, whereas structures of the second type are
typical of intermediate compositions of isomorphous series. The
weaker are interactions between atoms belonging to different
modules, the more substantial is the deviation of the real crystal
structure from a homogeneous three-dimensionally periodic
structure. If the scale of structural inhomogeneity, i.e., the
maximum possible thickness of the packet of impurity modules,
is smaller than the average size of the coherent scattering domains
(CSDs) and if numerous defects are rather uniformly distributed
over the crystal, interactions between alternating modules are

e

a1

a2

R3

Figure 11. Schematic representation of a two-component composite crys-

tal in the four-dimensional space.25

R3 is the three-dimensional space with two different periodicities a1 and a2,

e is the unit vector. Lines in the fourth dimension are strings representing

the atoms of two substructures without taking into account the modu-

lations.
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6

6
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6

Figure 12. Schematic representation of the four-dimensional reciprocal

space of a two-component composite crystal.25

R3 is the three-dimensional space with two sets of reflections with different

periodicities, b 04 is an additional coordinate axis. Main reflections of two

sublattices are shown by circles. Satellite reflections are indicated by

asterisks.
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rather strong and the irregular structure is quasi-homogeneous.
Such structures can be described within the framework of a single
probability-statistical model whose parameters characterise the
ratios between the co-existing one- or two-dimensional fragments
and their distribution along directions that lose periodicity.

Probability-statistical models have been developed only for
one-dimensionally disordered structures. The first of these models
allowed one to describe only completely disordered layer packings
without considering possible interactions between the layers.66 ± 68

Later on, it has been proposed that interlayer interactions be
characterised by the factor of the short-range order R, which is
equal to the number of layers responsible for the probability of the
occurrence of a particular layer in the crystal.69 ± 72 More recently,
the probability parameters were suggested for the description of
the character of alternation of the layers at R=0 or 1.73 ± 75

Probability-statistical models of irregular layered structures and
the diffraction theory based on these models were generalised and
developed in the studies.76 ± 78 Unfortunately, irregular mixed-
layer structures studied with the use of probability-statistical
models are few in number. Most of these structures were surveyed
in the monograph 77 and reviews.78 ± 80 Examples of the applica-
tion of these models to the description of irregular mixed-layer
structures of chemically inhomogeneous crystals are given in
Table 1.

Quasi-homogeneous structures with two- and one-dimen-
sional defects can arise in the course of both crystal growth (in
particular, in the course of formation of a composite zoning) and
post-crystallisation changes, for example, upon decomposition of
solid solutions or metosomatic replacements. Irregular mixed-
layer structures are often generated in the course of transforma-
tions of layered silicates at high p and T.81

Disordered mixed-layer structures are typical of various
natural and synthetic compounds, viz., silicates, sulfides, carbo-
nates, graphite intercalates, perovskite-like cuprates and other
oxides and hydroxides. Mixed-layer layered silicates (see Refs 66,
67, 77, 78 and other publications) were studied in most detail.
Since the latter minerals are widespread in nature and very
sensitive to changes in the thermodynamic conditions, they are
successfully used as indicators of the geochemical conditions of
formation. Their crystal structures are built from layers of differ-
ent clay minerals, which are present in variable amounts
(Fig. 13).30 The interlayer space can be filled either with com-

plexes of cations with water molecules or with potassium and
sodium cations. Quasi-homogeneous structures with the maxi-
mum possible degree of short-range order are widespread among
mixed-layer layered silicates. The structures with a very low degree
of order were found among illite- and kaolinite-montmorillon-
ites.82 Probability-statistical models of irregular mixed-layer
structures were applied also to the investigation of the chemical
imperfection in the structures of non-stoichiometric perovskite-
like cuprates Bi2Sr2Can71CunO2n+4 (n=1±3) 80, 83, 84 (Fig. 14)

and YBa2Cu3Ox (x=6, 7) 85 (Fig. 15). This approach made it
possible to estimate the concentration and characteristic features
of the distribution of impurity layers, which belong to phases with
other n or differ frommatrix layers due to the in-layer distribution
of cations and vacancies (see Table 1). The relationships between
the probability characteristics of the real structure, synthesis
conditions and post-growth treatment of the crystals were
revealed and their correlations with the average temperature and
the width of the temperature range of the transformation into the
superconducting state were found.86, 87 Besides, probability-stat-
istical models were successfully used in studies of the fine
oscillatory zoning in crystals of garnets of the grossular-andradite
series Ca3(Al,Fe)2(SiO4)3 (see Ref. 88) and the decomposition
structure of the solid solution (K,Na)(Ca,Na)2(Mg,Fe)5.
.(Si,Al)8O22(OH,F)2, viz., the calcium amphibole edenite.89 Inves-
tigations of irregular structures formed as a result of layer iso-
morphism 79, 80 demonstrated that the common feature of these
structures is a high degree of segregation of layers with the same
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Figure 13. Diagrammatic structure of the chlorite/serpentine interlayer-

ing (S is serpentine, Chl is chlorite).30
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Table 1. Examples of the use of binary probability-statistical models (R= 1) for the description of irregular mixed-layer crystal structures of selected inorganic compounds.80

Compound hi /�A Limits of variations in composition of layers Probability-statistical parameters

M Wi Pii Ks L /AÊ l /AÊ

Bi2Sr2Can71CunO2n+4 (n=1± 3) 15.45 (Bi1.9 ± 2.0Cu0.1 ± 0.0)(Sr1.7 ± 2.0Bi0.3 ± 0.0)Ca1.0Cu2.0 10 0.95 0.95 7 154 12

12.15 Bi2.0(Sr1.5 ± 2.0Bi0.3 ± 0.0Ca0.2)Cu1.0 0.05 0.00

(Bi,Cu)2(Sr,Bi)2CaCu2O8 15.38 ± 15.57 (Bi1.9 ± 2.0Cu0.1 ± 0.0)(Sr1.6 ± 1.9Bi0.4 ± 0.1)Ca1.0Cu2.0 11 ± 13 0.60 ± 0.70 0.95 ± 0.90 0.67 ± 0.81 170 ± 200 43 ± 63

15.55 ± 15.25 (Bi2.0 ± 1.8Cu0.0 ± 0.2)(Sr1.9 ± 1.3Bi0.1 ± 0.7)Ca1.0Cu2.0 0.40 ± 0.30 0.93 ± 0.77

YBa2Cu3Ox (x=6, 7) 11.67 ± 11.71 x=6.70 ± 7.00 100 ± 140 0.60 ± 0.90 1.00 1.00 1170 ± 1640 140 ± 470

11.72 ± 11.69 x=6.85 ± 6.70 0.40 ± 0.10 1.00

Ca2(Al,Fe)2(SiO4)3 (garnets) 4.21 Ca3(Al0.70 ± 0.65Fe0.30 ± 0.35)2 320 ± 380 0.65 ± 1.00 0.98 ± 1.00 0.97 ± 1.00 1350 ± 1600 240 ± 460

4.23 Ca3(Al0.50 ± 0.45Fe0.50 ± 0.55)2 0.35 ± 0.00 0.99 ± 1.00

(K,Na)(Ca,Na)2(Mg,Fe)5. 9.03 (K0.3Na0.7)(Ca1.65Na0.35)(Mg4.25Fe0.75) 60 0.85 0.98 0.88 540 70

.(Si,Al)8O22(OH,F)2 (amphibole) 9.10 (K0.7Na0.3)Ca2.0(Mg3.0Fe2.0) 0.15 0.90

Note. hi is the height of the layer of type i (i=1, 2);M is the total number of layers in the coherent scattering domain (CSD);Wi is the portion of the layers of type i in CSD;Pii is the conditional probability of the layers

of type i following the layer of type i ; Ks is the segregation coefficient; L is the average size of CSD along the normal to the layers; l is the maximum possible thickness of the packets of impurity layers.



composition. The above-considered results provide evidence that
probability-statistical models show promise for the description of
irregular mixed-layer structures in studies of the chemical inho-
mogeneity of layers in crystals regardless of their structural type.

Ribbon-chain silicates, which were called `biopyriboles' by
Thompson,26, 91 are commonly considered as a classical example
of mixed-chain structures.90 These compounds are members of a
polysomatic series, which embraces structures from a chain
silicate (pyroxene) to mica (biotite) and includes a ribbon silicate
(amphibole). In the structures of biopyriboles (Fig. 16), columns
of different widths, viz., multiple silicate chains, parallel to the axis
c can irregularly alternate along the axis b. Such structures can
also be described as structures composed of layers of different
widths, which alternate in a disordered fashion along the axis b.

One would also expect that structures built from fibres (columns)
with different compositions, which are several ten angstroms in
thickness and are distributed in a disordered fashion, will be found
among minerals and synthetic crystals with cylindrical lattices
(serpentines, molybdenites, tochilinites, graphites and halloy-
sites) 30, 45 (Fig. 17). The disordered distribution of the corre-
sponding modules (layers or columns) was often observed in the
above-described incommensurate composite structures.25, 45, 78

In the light of the views discussed in Section IV, quasi-
homogeneous structures with atomic plane and linear defects
can be considered as representatives of a large group of fragmen-
tary solid solutions. These irregular structures have not been
adequately studied by diffraction methods not only due to the
lack of statistical models for the quantitative description of one-
dimensionally periodic systems but also because of a common
practice to use probability-statistical models of irregular mixed-
layer structures only for obtaining information on real structures
of finely dispersed minerals with layered structures, primarily, of
silicates. The application of statistical models enables one to
substantially extend the possibilities of diffraction methods for
studying layered structures of chemically inhomogeneous `single
crystals' of any structural type.79, 80 Such layered structures can be
detected on a polarising microscope because the thicknesses of
homogeneous zones are only several hundred angstroms.

2. Composite analysis
Quasi-homogeneous structures with atomic defects extended in
one or two directions are also composite structures because they
consist of two- or one-dimensionally periodic substructures with
different structures and(or) compositions, which alternate with a
certain degree of disorder. Interatomic interactions within sub-
structures are much stronger that interactions between substruc-
tures. Taking into account that there are no restrictions on the
ratios between the co-existing modules, these structures should be
considered as yet another widespread structural form of non-
stoichiometry.

In this case, the matrix s, which characterises [according to
Eqn (1)] the relations between the parameters of two- or one-
dimensional sublattices co-existing in the same crystal, either has a
dimensionality of 262 or is represented by one component,
respectively. It is known that the necessary condition for a quasi-
homogeneous mixed-layer structure to occur is the similarity of
the structural motifs of the alternating layers (see, for example,
Refs 30 and 80). Mixed-layer structures can be divided into three
groups according to the ratio between the parameters of two-
dimensional sublattices co-existing in the same crystal (according
to the type of the matrix s).78 The first group includes structures
with virtually identical sublattices (related by a unit matrix). The
second group involves structures with commensurate sublattices
related by diagonal matrices with integer components. The third
group includes structures with incommensurate sublattices related
bymatrices with irrational coefficients. For example, structures of
perovskite-like superconductors (containing alternating layers
with different n), a series of mixed-layer silicates (chlorite-vermic-
ulite, kaolinite-smectite, etc.), numerous mixed-layer structures
formed as a results of layer isomorphism, etc. belong to the first
group. The second group involves structures in which the unit cell
of the layers of one type serves as a supercell of the layers of
another type. These structures are typical, in particular, of some
varieties of the mineral tochilinite [Fe17xS]2[(Mg,Al,Fe)(OH)2]n
(x=0.08 ± 0.28, n=1.58 ± 1.75).45 The third group includes dis-
ordered varieties of such minerals as koenenite, valleriite, cylin-
drite, etc. (examples of layered composite structures are cited in
Section IV). The incommensurability of the layers in the crystal
structures of these minerals is associated with their structural
differences. However, this effect may also be a consequence of
layer isomorphism. Examples are provided by irregular mixed-
layer structures found in oceanic sediments (asbolanes).92 The
incommensurability of co-existing two-dimensional sublattices
generally leads to substantial structural modulations in the layers.

Apparently, the same effects should be typical also of quasi-
homogeneous structures built from columns alternating in a
disordered fashion. However, these structures have not been
adequately studied by diffraction methods.

3. Symmetry
Without considering modulations, the symmetry of two- or one-
dimensionally periodic substructures is characterised by the
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Figure 16. High-resolution TEM image of a biopyribole crystal.

Numbers refer to the silicate chain multiplicity [(2) amphibole; (3) jim-

thompsonite, (4) quadruple-chain silicate].30
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Figure 17. Electron-microscopy image of the cylindrical serpentine

(chrysotile).30
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symmetry groups of layers G3
2 or rods G3

1, respectively. The
determination and analysis of these groups were reported, for
example, in the monograph.93

Two-component mixed-layer structures can be divided into
two groups according to the symmetry of alternating layers.45, 78

The first group includes structures consisting of alternating layers
with hexagonal and trigonal symmetry. The second group
involves structures built from alternating layers with hexagonal
and tetragonal symmetry. Examples of the first group are pro-
vided by disordered varieties of valleriite and koenenite. The
second group involves, for example, cylindrite and cannizzarite.

4. Diffraction patterns
The weaker are the interactions between the co-existing two- or
one-dimensionally periodic substructures, the more similar is the
diffraction pattern of the real crystal to a two- or one-dimensional
reciprocal lattice, respectively. However, perturbations in the
periodicity are most often insignificant and are manifested in the
broadening, asymmetric shape, non-integer indices and weaker
intensities of particular groups of diffraction reflections. The
detection of these characteristic features presents a serious exper-
imental problem, which becomes more complicated at lower
concentrations of impurity modules disturbing the long-range
order.

Diffraction patterns of irregular mixed-layer structures were
discussed in the monographs 76, 77, 90 and reviews.78 ± 80 Analysis of
basal reflections made it possible to distinguish three families of
real structures characterised by different ratios between the
heights of alternating layers.78, 80

1. The heights of layers with different structures differ sub-
stantially from each other (by several angstroms). Diffraction
patterns of such structures are characterised primarily by non-
integer values of basal reflections. If this effect is not observed at
low concentrations of impurity layers, the asymmetry of the
profiles of different reflections of a series, which is manifested to
a variable extent and on different sides of reflections (and is often
accompanied by broadening of some reflections), serves as a
diagnostic indicator. These diffraction features are characteristic
of members of different polysomatic series. Non-integer indices
are often observed in diffraction patterns of mixed-layer silicates.

2. The heights of layers with different structures are multiple
of each other. In this case, the positions of basal reflections
generally correspond to integer indices, but their intensities can
be changed in parallel with l. Such diffraction patterns are often
difficult to distinguish from those of the corresponding structures
with regular superperiods. For example, these patterns are typical
of hypothetical mixed-layer structures (see Fig. 13) with the
irregular alternation of 7 and 14 �A thick layers.

3. The heights of layers, which differ only in occupancies of
crystallographic sites, are nearly identical (differ by only hun-
dredths or tenths of angstroms). In this family, the asymmetry of
reflection profiles (in the case of integer basal reflections), which is
manifested on the same side and increases in parallel with the
diffraction angle, serves as the major criterion for the occurrence
of perturbation in the periodicity. These diffraction patterns are
typical of intermediate members of isomorphous series and are
also obtained for some layered silicates consisting of layers, which
differ in the distribution of cations occupying octahedral posi-
tions.

5. Ordering
Real structures periodic in less than three directions are less
homogeneous compared to all the structures described above.
One-dimensionally periodic structures consisting of irregularly
alternating columns are not only less ordered than irregular
mixed-layer structures but also represent the least homogeneous
real form of the crystalline state.

In addition, it should be remembered that the disordered
alternation of two- or one-dimensionally periodic modules gen-
erally differs from the statistical distribution and tends to be either

ordered or segregated. Hence, the degree of order within each of
two subgroups, viz., the structures with planar and linear defects,
varies substantially. The degree of order in the real structures
under consideration is additionally reduced due to the insertions
of atomic point defects and also due to the non-identity of the co-
existing sublattices giving rise to mutual modulations.

VI. Conclusion

The present review surveys real crystal structures, which remain
rather homogeneous (quasi-homogeneous) in spite of the presence
of numerous atomic impurities (atoms, ions or vacancies). In the
structural classification of condensed states (see, for example,
Ref. 94), such systems occupy an intermediate place between ideal
crystals and one-dimensional periodic structures (polymers and
liquid crystals) according to the degree of order. In spaces of
dimension m (m5 3), the main types of real structures, which are
categorised according to the characteristic features of disorder
induced by atomic impurities, are characterised by the symmetry
groups Gm

n periodic in n dimensions (m5 n, n5 1). Real struc-
tures of different types differ in the degree of internal order and, in
most cases, are reliably identified from diffraction patterns. These
real structures represent all possible structural forms of non-
stoichiometry of compounds. In each of three structural types,
the degree of order varies substantially and the boundaries
between these types overlap.

Atomic impurities present in the structures of host crystals are
nucleations of other (real or hypothetical) compounds.13 Hence,
the characteristic feature of the real crystals under considerations
is their composite nature. Structures of types I and II consist of
two or more three-dimensionally periodic substructures, which
are distributed statistically or in an ordered fashion, respectively.
Structures of type III are composed of two- or one-dimensionally
periodic substructures alternating with different degrees of order.
Consequently, real structures of the first type can be described by
an average unit cell with mixed occupancies of certain crystallo-
graphic sites. Real structures of the second type (without consid-
ering mutual modulations) can be represented by two or more
types of unit cells, which differ in the structure and(or) composi-
tion. Real structures of the third type can be described within the
framework of probability-statistical models.

Due to the composite properties, quasi-homogeneous struc-
tures with atomic defects of different types can be considered as
solid solutions (in essence, always fragmentary), because these
compounds are characterised, first, by a rather uniform distribu-
tion of components over the bulk of the compound and, second,
by the theoretical possibility to vary their ratio (in most cases, this
possibility is realised). In principle, these chemically inhomoge-
neous crystals can be called mixed, if this rather uncertain and
seemingly archaic notion is assigned a real structural meaning. It
should be remembered that the boundary between composite
quasi-homogeneous structures and crystal overgrowths, including
epitaxial and syntaxial overgrowths, is substantially blurred.

Crystal structures with atomic defects surveyed in the present
review are widespread among minerals and synthetic inorganic
compounds (including new promising materials). The above-
considered basic classification enables one to substantially sim-
plify their nomenclature.

Taking into account the diversity and specificity of defects
found in real crystal structures in exact agreement with their
morphogenesis (see, for example, Ref. 80), Zorkii raised the
question as to whether it is adequate to discuss the polymorphism
of real crystalline substance.95 The basic classification of crystal
structures with atomic defects on the basis of symmetry (primar-
ily, translational symmetry) 2, 4 allows one to state that such a
phenomenon as polymorphism actually occurs. Analysis of ther-
modynamic and energy characteristics of the above-considered
types of real crystal structures is beyond the scope of the present
review. One can become acquainted with the energy theory of
classical solid replacement solutions by reading the monographs
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by Urusov 8, 96 and publications of his colleagues (see, for exam-
ple, Refs 97 and 98). The possibilities of the use of superspaces for
calculations of the energies of incommensurate composite struc-
tures were discussed in the review.25

The polymorphism of amorphous compounds was
studied.99, 100 The data published in the literature provide evidence
that this phenomenon is typical of all structural forms of the
condensed state.

Early in the 20th century, when discussing the real crystal
structures, E S Fedorov wrote: `When we dealt with perfect
crystals, we operated with one of the most precise sciences of the
mathematical field, the so-called theoretical crystallography.
When our attention is directed to imperfections in the crystal
formation, we go beyond the scope of this science and enter in the
field of empirical sciences. There is no doubt that new areas of the
science will be developed, which will allow one to study such
phenomena using precise mathematical laws'.101

The data surveyed in the present review provide evidence that
the accumulated knowledge enables one to make steps forward in
this direction. The above-described basic classification on the
symmetry basis can be considered as the starting point for
developing the notion of the polymorphism of real crystals.

I am grateful to Professors F F Grekov, B B Zvyagin ,
P M Zorkii, Yu O Punin and S K Filatov for helpful discussion
and valuable advice.

References

1. V A Frank-Kamenetskii, in Problemy Kristallologii (Problems of

Crystallology) (Ed. V I Smirnov) (Moscow: Moscow State

University, 1971) p. 164

2. O V Frank-Kamenetskaya, I V Rozhdestvenskaya Atomarnye

Defekty i Kristallicheskaya Struktura Mineralov. Kristallokhimiya.

T. 33 (Itogi Nauki i Tekhniki) [Atomic Defects and Crystal

Structure of Minerals. Crystal Chemistry. Vol. 33 (Advanced in

Science and Engineering Series)] (Moscow: Kosmosinform, 2001)

3. A Guinier TheÂorie et Technique de la Radiocristallographie (Paris:

Dunod, 1956)

4. O V Frank-Kamenetskaya, Doctoral Thesis in Geological and

Mineralogical Sciences, St Petersburg State University,

St Petersburg, 1997

5. S K Filatov, R S Bubnova Zap. Vsesoyuz. Mineral. O-va 112 552

(1983)

6. A I Kitaigorodskii Smeshannye Kristally (Mixed Crystals)

(Moscow: Nauka, 1983)

7. E S Makarov Izomorfizm Atomov v Kristallakh (Isomorphism of

Atoms in Crystals) (Moscow: Atomizdat, 1973)

8. V S Urusov Teoriya Izomorfnoi Smesimosti (The Theory of

Isomorphous Miscibility) (Moscow: Nauka, 1977)

9. S K Filatov Vysokotemperaturnaya Kristallokhimiya (High-

Temperature Crystal Chemistry) (Leningrad: Nedra, 1990)

10. V A Frank-Kamenetskii Priroda Strukturnykh Primesei v

Mineralakh (The Nature of Structural Admixtures in Minerals)

(Leningrad: Leningrad State University, 1964)

11. E Mitscherlich Ann. Chim. Phys. 14 172 (1820)

12. S K Filatov, in Voprosy Geneticheskoi i Strukturnoi Kristallografii

(The Problems of Genetic and Structural Crystallography)

(Ed. V A Frank-Kamenetskii) (Leningrad: Nauka, 1986) p. 49

13. G B Bokii, in Izomorfizm vMineralakh (Isomorphism inMinerals)

(Ed. F V Chukhrov) (Moscow: Nauka, 1975) p. 7

14. D R Veblen, in Advanced Mineralogy (Ed. A S Marfunin) (Berlin:

Springer, 1994) p. 197

15. B K Vainshtein, V M Fridkin, V L Indenbom in Sovremennaya

Kristallografiya (Modern Crystallography) (Ed. B K Vainshtein)

(Moscow: Nauka, 1979) Vol. 2

16. S K Filatov Kristallografiya 40 63 (1995) a

17. V A Frank-Kamenetskii (Ed.) Rentgenografiya Osnovnykh Tipov

Porodoobrazuyushchikh Mineralov (X-Ray Imaging of Basic Types

of Rock-Forming Minerals) (Leningrad: Nedra, 1983)

18. T A Sosedko, K S Mishchenko Zap. Vsesoyuz. Mineral. O-va 115

369 (1986)

19. M G Gorskaya, O V Frank-Kamenetskaya, V A Frank-

Kamenetskii, inMetody Difraktsionnogo Issledovaniya Kristalli-

cheskikh Materialov (The Methods of Diffraction Investigation of

Crystal Materials) (Eds V A Frank-Kamenetskii, B M Shmakin)

(Novosibirsk: Nauka, 1989) p. 119

20. G G Afonina, V M Makagon, L A Bogdanova, L D Zorina

Turmalin (Rentgenografiya i Polimorfizm) [Tourmaline (X-Ray

Imaging and Polymorphism)] (Novosibirsk: Nauka, 1990)

21. R M Hazen, L W Finger Comparative Crystal Chemistry:

Temperature, Pressure, Composition and the Variation of Crystal

Structure (New York: Wiley, 1982)

22. R M Hazen, R T Downs (Eds) Reviews in Mineralogy and

Geochemistry. High-Temperature and High-Pressure Crystal

Chemistry Vol. 41 (Washington, DC: MSA, 2000) p. 596

23. V S Urusov, in Strukturnaya Kristallografiya (Structural

Crystallography) (Ed. B K Vainshtein) (Moscow: Nauka, 1992)

p. 59

24. S V Chernov, W Gunsser, I V Murin Solid State Ionics 47 67

(1991)

25. P Coppens Acta Crystallogr., Sect. B 51 402 (1995)

26. C J B Thompson Am. Mineral. 55 292 (1970)

27. B B Zvyagin, E G Romanov, in Strukturnaya Kristallografiya

(Structural Crystallography) (Ed. B K Vainshtein) (Moscow:

Nauka, 1992) p. 114

28. B B Zvyagin Kristallografiya 38 104 (1993) a

29. B B Zvyagin, in EMU Notes in Mineralogy, Modular Aspects of

Minerals Vol. 1 (Ed. S Merlino) (Budapest: EoÈ tvoÈ s University

Press, 1997) p. 345

30. A Baronett, in EMU Notes in Mineralogy, Modular Aspects of

Minerals Vol. 1 (Ed. S Merlino) (Budapest: EoÈ tvoÈ s University

Press, 1997) p. 119

31. A Magneli Acta Crystallogr. 6 495 (1953)

32. E Makovicky, in EMU Notes in Mineralogy, Modular Aspects of

Minerals Vol. 1 (Ed. S Merlino) (Budapest: EoÈ tvoÈ s University

Press, 1997) p. 315

33. H T Evans, J Allman, R Allman Z. Kristallogr. 127 73 (1968)

34. P R Buseck, J M Cowley Am. Mineral. 68 18 (1983)

35. E Makovicky, B G Hyde Struct. Bonding 46 101 (1981)

36. E Makovicky, B G Hyde, in Incommensurate Misfit Sandwiched

Layered Compounds. Materials Science Forum (Ed. A Meerschaut)

(ZuÈ rich: Trans. Tech. Publ., 1992) p. 1

37. G A Wiegers Prog. Solid State Chem. 24 1 (1996)

38. W Jeitschko, E Parthe Acta Crystallogr. 22 417 (1967)

39. K Kato, E Takayama-Muromachi, K Kosuda, Y Uchida Acta

Crystallogr., Sect. C 44 1881 (1988)

40. K Kato Acta Crystallogr., Sect. B 46 39 (1990)

41. A F Jensen, F Larsen, I F Johannsen, I Cisarova, K Maly,

P Coppens Acta Chem. Scand. 47 1179 (1993)

42. S A Solin, in Novel Materials and Techniques in Condensed Matter

(Proceedings of the XXVIth Midwest Solid State Conference), New

York, 1982 p. 253

43. V Petricek, K Maly, P Coppens Acta Crystallogr., Sect. A 47 210

(1991)

44. A Yamamoto Acta Crystallogr., Sect. A 49 831 (1993)

45. N I Organova Kristallokhimiya Nesorazmernykh i Modulirovan-

nykh Smeshanosloinykh Mineralov (The Crystal Chemistry of

Incommensurate and Modulated Mixed-Layer Minerals)

(Moscow: Nauka, 1989)

46. R Allmann, H H Lohse, E B Hellner Z. Kristallogr. 126 7 (1968)

47. N I Organova, A D Genkin, A A Dmitrik, T L Evstigneeva,

I I Laputina, in Izomorfizm v Mineralakh (Isomorphism in

Minerals) (Ed. F V Chukhrov) (Moscow: Nauka, 1975) p. 150

48. E Makovicky Fortschr. Mineral. 52 49 (1974)

49. E Matzat Acta Crystallogr. 35 133 (1979)

50. J S Cowley, J A Ibers Acta Crystallogr. 9 421 (1956)

51. M B Walker, W M Que Phys. Rev. B 45 8085 (1992)

52. J S Swinnea, H Steinfink J. Chem. Educ. 57 580 (1980)

53. E H Mc Carron, H A Subramanian, J C Calabrese, R L Harlow

Mater. Res. Bull. 23 1355 (1988)

54. S Maekawa Science 273 1515 (1996)

55. A Janner, T Janssen Phys. Rev. B 15 643 (1977)

56. A Janner, T Janssen Physica A 99 47 (1979)

57. A Janner, T Janssen Acta Crystallogr., Sect. A 36 408 (1980)

46 O V Frank-Kamenetskaya

mlg
S V Chernov, W Gunsser, I V Murin Solid State Ionics 47 67

mlg
(1991)

http://dx.doi.org/10.1016/0167-2738(91)90181-A
mlg
P Coppens Acta Crystallogr., Sect. B 51 402 (1995)

http://dx.doi.org/10.1107/S0108768195003235
mlg
A Magneli Acta Crystallogr. 6 495 (1953)

http://dx.doi.org/10.1107/S0365110X53001381
mlg
G A Wiegers Prog. Solid State Chem. 24 1 (1996)

http://dx.doi.org/10.1016/0079-6786(95)00007-0
mlg
W Jeitschko, E Parthe Acta Crystallogr. 22 417 (1967)

http://dx.doi.org/10.1107/S0365110X67000799
mlg
K Kato, E Takayama-Muromachi, K Kosuda, Y Uchida Act

mlg
Crystallogr., Sect. C 44 1881 (1988)

http://dx.doi.org/10.1107/S010827018800784X
mlg
K Kato Acta Crystallogr., Sect. B 46 39 (1990)

http://dx.doi.org/10.1107/S0108768189008931
mlg
V Petricek, K Maly, P Coppens Acta Crystallogr., Sect. A 47 21

mlg
(1991)

http://dx.doi.org/10.1107/S0108767390012065
mlg
A Yamamoto Acta Crystallogr., Sect. A 49 831 (1993)

http://dx.doi.org/10.1107/S0108767393004404
mlg
E Matzat Acta Crystallogr. 35 133 (1979)

http://dx.doi.org/10.1107/S0567740879002715
mlg
J S Cowley, J A Ibers Acta Crystallogr. 9 421 (1956)

mlg
M B Walker, W M Que Phys. Rev. B 45 8085 (1992)

http://dx.doi.org/10.1107/S0365110X56001200
http://dx.doi.org/10.1103/PhysRevB.45.8085
mlg
A Janner, T Janssen Phys. Rev. B 15 643 (1977)

http://dx.doi.org/10.1103/PhysRevB.15.643
mlg
A Janner, T Janssen Physica A 99 47 (1979)

mlg
A Janner, T Janssen Acta Crystallogr., Sect. A 36 408 (1980)

http://dx.doi.org/10.1016/0378-4371(79)90124-9
http://dx.doi.org/10.1107/S0567739480000897


58. P M de Wolf, T Janssen, A Janner Acta Crystallogr., Sect. A 37

625 (1981)

59. A Janner, T Janssen, P M de Wolf Acta Crystallogr., Sect. A 39

658 (1983)

60. S van Smaalen Phys. Rev. B 43 11330 (1991)

61. A Janner, T Janssen, A Looijenga-Vos, P M de Wolf, in

International Tables for CrystallographyVol. C (Ed. A J C Wilson)

(Dordrecht: Kluwer Academic, 1992) p. 797

62. A Yamamoto Acta Crystallogr., Sect. A 48 476 (1992)

63. P Coppens, K Maly, V PetricekMol. Cryst. Liq. Cryst. Sci.

Technol., Sect. A 181 81 (1990)

64. P Busec (Ed.)Minerals and Reactions at the Atomic Scale:

Transmission Electron Microscopy. Reviews in Mineralogy Vol. 27

(Chelsea, MI: Mineralogical Society of America, 1992)

65. S Merlino (Ed.) EMU Notes in Mineralogy, Modular Aspects of

Minerals Vol. 1 (Budapest: EoÈ tvoÈ s University Press, 1997)

66. S B Hendrics, E Teller J. Chem. Phys. 10 147 (1942)

67. A L Wilson Proc. R. Soc. London, Ser. A 180 277 (1942)

68. J Mering, in Transactions of the 4th International Congress of Soil

Science Vol. 1 (Groningen: Hoitsema, 1950) p. 21

69. H Jagodzinski Acta Crystallogr. 2 201 (1949)

70. H Jagodzinski Acta Crystallogr. 7 17 (1954)

71. J Kakkinoki, Y Komura J. Phys. Soc. Jpn. 7 30 (1952)

72. J Kakkinoki, Y Komura J. Phys. Soc. Jpn. 9 169 (1954)

73. D M MacEwan Kolloid Z. 156 61 (1958)

74. M Cesari, G L Morelli, L FavrettoActa Crystallogr. 18 189 (1965)

75. R C Reynolds Am. Mineral. 52 661 (1967)

76. V A Drits, B A Sakharov Rentgenostrukturnyi Analiz Smeshano-

sloinykh Mineralov (X-Ray Diffraction of Mixed-Layer Minerals)

(Moscow: Nauka, 1976)

77. V A Drits, C Tchoubar X-Ray Diffraction by Disordered Lamellar

Structures (Berlin: Springer, 1990)

78. V A Drits, in EMU Notes in Mineralogy, Modular Aspects of

Minerals Vol. 1 (Ed. S Merlino) (Budapest: EoÈ tvoÈ s University

Press, 1997) p. 153

79. O V Frank-Kamenetskaya, T I Ivanova Cryst. Res. Technol. 32

195 (1997)

80. T I Ivanova, O V Frank-Kamenetskaya Zh. Strukt. Khim. 42 151

(2001) b

81. V A Frank-Kamenetskii, N V Kotov, E A Goilo Transformat-

sionnye Preobrazovaniya Sloistykh Silikatov (Transformational

Transformations of Lamellar Silicates (Leningrad: Nedra, 1983)

82. P Bayliss Powder Diffr. 4 19 (1989)

83. M Yu Kameneva, A S Bukin, S A Gromilov, V A Drits

Zh. Strukt. Khim. 34 (5) 133 (1993) b

84. V A Drits, T I Ivanova, O V Frank-Kamenetskaya, A S Bukin,

I V Rozhdestvenskaya, Yu L Kretser, S V Moshkin,

M Yu Vlasov, V A Frank-Kamenetskii Kristallografiya 39 340

(1994) a

85. T I Ivanova, O V Frank-Kamenetskaya, V A Drits,

M Kastowsky, H Bradaczek Cryst. Res. Technol. 30 367 (1995)

86. T I Ivanova, O V Frank-Kamenetskaya, S V Moshkin,

M Yu Vlasov Zh. Strukt. Khim. 35 (5) 15 (1994) b

87. T I Ivanova, M Yu Vlasov, S V Moshkin, O V Frank-

Kamenetskaya Cryst. Res. Technol. 30 189 (1995)

88. T I Ivanova, A G Shtukenberg, Yu O Punin, O V Frank-

Kamenetskaya, P B SokolovMineral. Mag. 62 857 (1998)

89. T I Ivanova, D A Vershinina, O V Frank-Kamenetskaya,

O G Smetannikova, inMaterialy XIII Mezhdunarodnogo Sovesh-

chaniya po Rentgenografii Mineral'nogo Syr'ya, Belgorod, 1995

(Materials of the XIIIth International Meeting on X-Ray Imaging

of Minerals, Belgorod, 1995) p. 46

90. V A Drits Strukturnoe Issledovanie Metodami Mikrodifraktsii

Elektronov i Elektronnoi Mikroskopii (Selected Area Electron

Diffraction and Electron Microscopy Structural Stady)

(Moscow: Nauka, 1981)

91. C J B Thompson Am. Mineral. 63 239 (1978)

92. F V Chukhrov, A I Gorshkov, V A Drits Gipergennye Okisly

Margantsa (Hypergene Manganese Oxides) (Moscow: Nauka,

1989)

93. B K Vainshtein, in Sovremennaya Kristallografiya (Modern

Crystallography) (Ed. B K Vainshtein) (Moscow: Nauka, 1979)

Vol. 1, p. 137

94. B K Vainshtein, in Kristallografiya i Kristallokhimiya

(Crystallography and Crystal Chemistry) (Ed. B K Vainshtein)

(Moscow: Nauka, 1986) p. 10

95. P M Zorkii Ros. Khim. Zh. 45 3 (2001) c

96. V S Urusov Energeticheskaya Kristallokhimiya (Energy Crystal

Chemistry) (Moscow: Nauka, 1975)

97. V S Urusov, I P Orlov Kristallografiya 44 736 (1999) a

98. T A Eremina, N N Eremin, N G Furmanova, V A Kuznetsov,

T M Okhrimenko, V S Urusov Kristallografiya 46 82 (2001) a

99. E F Sheka Usp. Fiz. Nauk 160 263 (1990)

100. E F Sheka, V D Khavryuchenko, I V Markichev Usp. Khim. 64

419 (1995) [Russ. Chem. Rev. 64 389 (1995)]

101. E S Fedorov Kurs Kristallografii (Course of Crystallography)

(St Petersburg: K L Rikker, 1901)

a Ð Crystallogr. Rep. (Engl. Transl.)
b Ð Russ. J. Struct. Chem. (Engl. Transl.)
c ÐMendeleev. Chem. J. (Engl. Transl.)

Crystal structures of inorganic compounds with atomic defects 47

mlg
E F Sheka, V D Khavryuchenko, I V Markichev Usp. Khim. 64

mlg
419 (1995) [Russ. Chem. Rev. 64 389 (1995)]

http://www.turpion.org/php/paper.phtml?journal_id=rc&paper_id=156
mlg
A Janner, T Janssen, P M de Wolf Acta Crystallogr., Sect. A 3

mlg
658 (1983)

http://dx.doi.org/10.1107/S0108767383001348
mlg
S van Smaalen Phys. Rev. B 43 11330 (1991

http://dx.doi.org/10.1103/PhysRevB.43.11330
mlg
A Yamamoto Acta Crystallogr., Sect. A 48 476 (1992)

http://dx.doi.org/10.1107/S010876739200014X
mlg
H Jagodzinski Acta Crystallogr. 2 201 (1949)

http://dx.doi.org/10.1107/S0365110X49000552
mlg
H Jagodzinski Acta Crystallogr. 7 17 (1954)

http://dx.doi.org/10.1107/S0365110X54000035
mlg
M Cesari,G L Morelli, L Favretto Acta Crystallogr. 18 189 (1965)

http://dx.doi.org/10.1107/S0365110X65000452
mlg
T I Ivanova, A G Shtukenberg, Yu O Punin, O V Frank

mlg
Kamenetskaya, P B Sokolov Mineral. Mag. 62 857 (1998)

http://dx.doi.org/10.1180/002646198548089

	Introduction
	Main types of quasi-homogeneous structures
	Structures with atomic point defects (type I)
	General views
	Composite analysis. Way of description
	Symmetry
	Chemical deformations of average structures
	Short-range order
	Diffraction patterns
	Ordering

	Structures with atomic volume defects (type II)
	General notions
	Composite analysis. Ways of description
	Symmetry
	Diffraction patterns
	Ordering

	Structures with atomic planar and linear defects (type III)
	General views. Probability-statistical models
	Composite analysis
	Symmetry
	Diffraction patterns
	Ordering

	Conclusion
	References

