Chapter 1

Introduction

In the middle of the nineteenth century, there was a phenomenon which received
attention from a few workers. It seemed that certain chemically related organic
compounds, which were not so definitely connected as are the isomorphous series,
exhibited some similarities of crystalline form. The similarities in general occurred
with respect to certain zones of the faces only, and in the case of crystals of the three
lower systems, orthorhombic, monoclinic, and triclinic, with respect to one of the
axial ratios only, a:b or c:b (Tutton, 1926). The existence of such a phenomenon was
established by von P. Groth through systematic studies on the derivatives of benzene.
He then introduced the term “morphotropy” (Groth, 1870) in reference to the
situation in which the morphological axial ratio of a crystal is changed by an increase
or decrease in one of the axes, the other axes remaining unchanged, accompanying
the substitution of an atomic species or radical. This was regarded as involving “a
chemical change taking place in one direction”. The instances cited by Groth
involved acomplete chemical substitution, as of hydrogen by some other monovalent
species. Itis aspecial case of “isomorphism” in the Mitscherlichian sense. Isomorphism
may in turn be considered as morphotropism over all zones (Tutton, 1926).

The most familiar mineralogical example is in the five members of the
chondrodite group. Here, there is a per saltum increase in ¢ with a and b remaining
unchanged accompanying the chemical change in the formula. This was first
discussed by Penfield and Howe (1894) and was later discussed by Sir W. L. Bragg
in light of the crystal structure. He described the structures of the mineral group in
his book (Bragg, 1937) starting with the sentence “The members of the chondrodite
series are interesting because of the morphotropic relationships which exist between
them”. The word introduced by Groth has thus been carried over to modern
crystallography by Bragg in the original sense.

The structures of this mineral series consist of alternate slabs of the olivine
structure and of magnesium hydroxide, the chemical composition being expressed
by the general formula

xMg;Si04-Mg(F,OH) or Mgy,+1[Si04]x(F,OH),,

where x an integer, 1~4.

These features exactly agree with the terminology of ‘homologous series’ given
by Magnéli (1953) to characterize chemical series, such as molybdenum and
tungsten oxides, which are “expressible by general formulae and built on common
structural principles.” Then we may call such a phenomenon in which a series of
structures forms a homologous series morphotropy, an almost obsolete word in the
present age.
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space groups, which are the basis of his theory and may be obtained by adding
superimposed a twinning group—a group of twin operations—onto one of the space
groups. Similar phenomena may take place on either a much larger or smaller scale
than a unit cell. Ito, however, essentially dealt with cell twins on the scale of one unit-
cell or smaller than a unit cell. Such twinnings, which may be called Ito twins, are
considered to be a specific case of cell twinnings which will be discussed below.
During our studies on superstructures of minerals and related compounds in the
past two decades, we encountered chemical systems in which a change in structure
from one to another accompanying a change in chemical composition seems to go
along with cell twinnings. Unlike Ito twins, these cell twinnings consist of units made
up of blocks (or bands) of unit cells and have the salient feature that they assume the
vehicle of changing chemical composition in order to yield the series of structures
of the phases in a chemical system. The difference in chemical composition of the
structures in the chemical system is closely related to the periodicity of the cell-twin
boundaries, or frequency of the cell twinning, while the structure scheme of the
phases in the chemical system is kept unchanged. Upon inquiry by the author,
Professor Martin J. Buerger kindly suggested the word ‘tropochemical’ (analogous
to tropopause and troposphere, alluding to boundary or transition layers in the
atmosphere; from the Greek: tropos, a turn or change) for the above-mentioned cell
twinnings which seemingly carry the function of varying chemical composition,
thus, giving rise to a new series of crystalline phases. The term ‘tropochemical
twinning’ was thus coined to characterize those cell twinnings (Takéuchi, 1978).
This term was soon revised to ‘tropochemical cell-twinning’ (Takéuchi, 1979)
through a comment made by Gabrielle Donnay. She had the opinion that the term
‘twinning’ has at least 140 years priority, so that, to avoid confusion, the word
‘twinning’ alone should not be used when we deal with such an entirely different
phenomenon as twinning on the cell scale. Instead, she suggested the use of the word
‘cell-twinning’. In view of the fact that the words such as mechanical twin and glide
twin are used to discuss ordinary twins, her opinion is thought to be quite appropriate.
Several years before the paper on tropochemical cell-twinning appeared,
Andersson and Hyde (1974) had reported that a great number of structures are
derivable from a few parent structures, in particular based on hcp or ccp, by regular
polysynthetic twinning on the unit cell level. They stressed that such a unit-cell
twinning as a structure-building mechanism is very useful in the classification,
organization and understanding of structures. In a successive paper, Hyde et al. (1974)
extended the view to the point that the cell-twinning may also be regarded as a stress-
relieving mechanism by providing interstices of different volume in the cell-twin
junctions, which accommodate the appropriate size of atoms of one of the compo-
nents of the compound. This situation seems to suggest a possibility that, in some
cases atleast, the cell-twinning may be aconvenient way for a crystal to accommodate
impurity atoms of appropriate size, down to a very low concentration if the cell-twin
boundaries are widely separated. They suggested the term ‘chemical twinning’ for
the cell-twinning discussed by Andersson and Hyde (1974).
According to the above concept of chemical twinning, any structure which can
be described by a cell-twinning may fall in the category of structures made up of
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chemical twinning. If one of a dimorphic pair of structures is derived through a cell-
twinning of the other, the cell-twinning may be called chemical twinning. It then
appears that chemical twin covers Ito twin. The latter, however, must be the one that
conserves chemical composition. Each member of a chemical series, which is
characterized by tropochemical cell-twinning, may be regarded to be made up of a
chemical twinning while a structure made up of chemical twinning is not necessarily
amember of a series of tropochemical cell-twinning (TCT). The structure of CaTi,O4
(see Chapter 4), for example, is based on chemical twinning but it does not become
a member of any TCT series. Discussions, on structural basis, about chemical
variations owing to impurities are entirely beyond the scope of TCT. The TCT
mechanism concerns only such chemical elements that are essential to define a
crystalline phase.

Unlike the above-mentioned cell-twinnings, in which cell-twin units are in
parallel position, Bovin and Andersson (1977) have reported the cases in which a
parent structure produces different cell-twin units by swinging (changing the
direction of) composition planes, and each unit can be identified in different
compounds. They called those operations swinging twinnings. In addition to this,
even the term cyclic twinning has been suggested to describe a certain group of
crystal structures (Hyde e? al., 1979). An analogous term, spiral twin, was used by
Sadanaga and Takéuchi (1961) to discuss polysynthetic twinnings in micas on the
unit cell level. Two homologous series of cyclically twinned sulfosalt structures
have also been discussed by Makovicky (1985).

Although chemical series characteristic of tropochemical cell-twinnings known
to date are limited in number, the members of the series have structures which share
interesting features in respect to the way the cations are distributed that substitute for
parent cations, or to the manner of structural distortions. It is anticipated that
structural knowledge brought out through our studies will throw more light on the
crystallochemical aspects of the crystalline solids in general, which are built up of
related structural mechanisms.

The scope of the present paper is, firstly, to discuss previously reported
examples of the chemical series characterized by tropochemical cell-twinnings
(Takéuchi, 1978) in light of new knowledge gained since then and, secondly, to
describe and discuss in detail new examples of crystalline phases based on
tropochemical cell-twinnings, which include those of the plagionite group,
Pb34+2,SbgSis542x (x = 0, 1, 2 or 3), and those of the high-temperature phases,
xPbS-Sb,S3 (x =2 or 3).

Since the formation of those chemical series is in general related to the vacancy-
coupled replacement of cations in a parent crystal by those of another kind with a
different valency, an account of the crystallographic nature of such a replacement
will be given first.
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