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lntergrowth structures in inorganic solids: A new class of materials*
C N R RAO
Solid State and Structural Chemistry Unit and Materials Research Laboratory, Indian
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Abstract. An increasing number of inorganic solids forming long-period structures due to
recurrent intergrowth of two chemically distinct but structurally related units are getting to be
known in recent years. These novel structures have given rise to new chemistry at solid-solid
interfaces. Besides intergrowth structures with long-range order, many solids with random
intergrowth (similar to stacking faults in polytypes) are known. Ordered intergrowth gives rise
to homologous series of structures in many systems. Barium ferrites, the Aurivillius family of
oxides and other perovskite-related oxides, siliconiobates, and tungsten oxide bronzes are
some of the systems exhibiting ordered intergrowth structures. Both ordered and disordered
intergrowths are fruitfully investigated by high resolution electron microscopy. The main
emphasis in this article is on intergrowth structures where the component units are
compositionally different. These systems are obviously most fascinating since compositional
change occurs across each interface (intergrowth plane), unlike in polytypic materials where
the composition remains constant. Even in ordered intergrowth structures,' there is always
some disorder. If order in an intergrowth structure does not prevail over large distances, but
occurs only over shorter stretches (say, a few repeats of the sequence), it becomes difficult to
describe the solid except in terms of the gross composition and where possible, the unit cell
dimensions. Structures with occasional intergrowths are found in a variety of materials such as
/~-alumina, Magn61i phases, silicates, ferrites and several other oxide systems. In addition to
examining the structural features of various intergrowths, the origin of the intergrowth
phenomenon is discussed.
Keywords. Intergrowth structures; random intergrowth; Recurrent intergrowth; soLid-solid
interface plane.

1.

Introduction

The phenomenon of intergrowth in solids is not uncommon, polytypism and epitaxy
being well-known examples. The phenomenon is gaining greater interest because of the
large variety of inorganic solid materials exhibiting novel structural features due to
random or recurrent intergrowth (Rao 1982; Rao 1984a; Rao and Thomas 1985).
P o l y t y p i c solids such as SiC, Z n S , C d I 2, T a S 2 a n d p e r o v s k i t e oxides (ABOa) possessing
c l o s e - p a c k e d or layered s t r u c t u r e s a n d e x h i b i t i n g u n i t cells which differ in d i m e n s i o n
a l o n g o n e o f the three axes o f the crystal are well d o c u m e n t e d in the literature (Verma
a n d K r i s h n a 1966; R a o a n d R a o 1978; R a o 1984b). P o l y t y p i s m arises because o f
differences in the s e q u e n c e o f s t a c k i n g o f layers a l o n g o n e axis o f the crystal, the
different s t a c k i n g s e q u e n c e s b e i n g energetically similar; the u n i t cell p a r a m e t e r in the
u n i q u e d i r e c t i o n falls a n y w h e r e b e t w e e n a few A n g s t r o m s to a few t h o u s a n d
A n g s t r o m s . L o n g - p e r i o d p o l y t y p e s s h o w evidence for c o n s i d e r a b l e d i s o r d e r (stacking
faults), different p o l y t y p i c f o r m s often b e i n g p r e s e n t in different r e g i o n s o f the s a m e
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crystal. Long periodicities in crystals have been observed in other situations as well. For
example, in a simple alloy such as CuAu, the ordering pattern switches between
alternative sublattices of the unit cell at regular intervals due to electronic factors (Sato
et al 1967). Defective metal oxides are known to form superceUs due to the ordering
of vacant lattice sites (see for example, Rao et al 1984). Then, there are the series of
homologous oxides (e.g. TinO2,_ 1, W, O3~-2 etc.) with extended planar defects
(crystallographic shear planes) showing long periodicities (Anderson and Tilley 1974;
Tilley 1980). What is of special interest to us here is the discovery of an increasing
number of inorganic materials forming long-period structures entailing recurrent
intergrowth of two or more chemically distinct but structurally related units. Such
intergrowths may be considered to constitute a new kind of chemistry at solid-state
interfaces.

2.

What are intergrowth structures?

lntergrowth seems to occur between two distinct, but related crystal structures with a
crystallographic plane that is nearly identical in dimensions as well as structural
features. Across this interface, the crystal can pass from one structure to the other
without much strain, but with a change of composition. If C and I are two such
structural units, coherent intergrowth with a variety of random stacking arrangements
can be visualized e.g . . . . .
CCCIIICCC...,
CCCICCC ....
CCICICC ....
IICICCIICCC...
etc. (figure 1). Such disordered intergrowths (similar to stacking
faults in polytypes) are found in a number of systems both with and without change of
chemical composition; they include silicate minerals, fl-alumina, Magn61i phases and
tungsten oxide bronzes. More importantly, coherent intergrowth between two phases
can occur at regular intervals comprising different ordered arrangements of the
component structures (figure 1). Recurrent ordered intergrowth can generate a
homologous series of solids with large unit cells; different ordered arrangements with

ORDERED I NTERGROW-IHS
Cl Cl Cl Cl Cl Cl..l
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Figure 1. Differenttypesof intergrowthsin solidsformedby the two unitsC and I. Arrows
show faulted sequences.
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Figure 2. Polyhedralmodelsof the M and Yblockswhichstackalong the hexagonalc-axis
to form the barium ferrites,Mp1~ (followingAndersonand Hutchison 1975).

the same chemical composition result in polytypism. A good example of recurrent
ordered intergrowth is provided by the family of hexagonal barium ferrites (Kohn et al
1971; Anderson and Hutchison 1975) formed by the intergrowth of BaFe~2019
(M phase) and Ba2 Me2Fe1202z (Y phase) with Me = Zn, Ni, Mg etc. (see figure 2). A
number of compounds of the general formula MpYq starting from M Y ( c = 26 A) to
MsY27 (c = 1455 A) have been reported. These ferrites also show polytypism resulting
from different permutations of the intergrowth sequence (e.g. M2Y4 can be M Y 2 M Y 2,
M2Y4 or MYMY3); many of the long-period compounds show disorder.
Some of the intergrowth structures have wrongly been referred to as polytypes in the
literature. Polytypism implies that there is no change in chemical composition; the
recurrent ordered intergrowth structures certainly cannot be included under this
category. Disordered intergrowth phases may be polytypic as in silicate minerals, but
would involve change in composition if the component units forming the intergrowth
are chemically different.
Several systems form chemically well-defined recurrent ordered intergrowth structures (ols) with large periodicities, rather than random solid solutions with variable
composition, although the ordered intergrowth structures themselves frequently show
the presence of wrong sequences (figure 1). The presence of wrong sequences or
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lamellae is evidenced in the form of streaking in x-ray diffraction patterns, but is better
revealed by a technique that is more suited to the study of local structure. Diffraction
techniques generally give accurate structural data averaged over a large number of unit
cells. High resolution electron microscopy (HaEM),on the other hand, is ideally suited to
investigate the real structure of solids on an atomic scale (Kihlborg 1979; Thomas and
Jefferson 1978; Rao 1983, 1984a). Lattice images obtained from r~REMenable a direct
examination of the extent to which a particular ordered arrangement repeats itself and
the presence of different sequences on intergrowths, often of unit cell dimensions.
Selected area electron diffraction which forms the essential first step in HREMprovides
useful information (not generally provided by x-ray diffraction) regarding the presence
of supercells due to intergrowth or defect ordering.
We can specify certain criteria for the formation of intergrowth structures: (i) For
intergrowth to occur, there must be at least two basic units which are structurally
related but compositionally different and possess a common plane similar in
dimensions; (ii) For ordered intergrowth, the two phases must be generally capable of
independent existence. There could also be disordered coherent intergrowth involving
a unit that has no independent existence in bulk as exemplified by the occasional
presence of the n = 3 member of the Bi2WnO3n+3 family in a matrix of the n = 2
member; the n = 3 member has not been isolated. (iii) Intergrowth can be regular and
recurrent giving rise to well-defined structures (ore) with long-range order. Condition
(i) distinguishes coherent intergrowth structures from polytypes and requires a change
in stoichiometry across the intergrowth plane which in turn would give rise to
compositional inhomogeneities in crystals.
Disordered intergrowth structures raise questions regarding the traditional definition of a "single phase". Noting that much of the evidence is obtained by .REra of
single crystals, one may wonder how a unit cell should be defined in such disordered
systems. Then, there is the question of how many regular repeats of a particular lamellar
sequence should be present before we consider an intergrowth to be a bonafide case
with discrete structure. Can one define a borderline between disordered and ordered
intergrowths? What is the origin of the long-periodicity found in some of the
intergrowth structures? Is it thermodynamic or kinetic? If thermodynamic, what is the
nature of interactions responsible for such remarkable periodicity? These are some of
the issues that will be examined after a brief presentation of the important experimental
results on recurrent as well as disordered intergrowth structures. We shall attempt to
show how the formation of ordered intergrowth structures are no longer structural
curiosities, but are more universal than suspected; they do indeed constitute a novel
class of inorganic compounds.

3.

Ordered intergrowth structures

Besides the barium ferrites, referred to earlier, many other systems forming om have
come to be known in the last few years. Several of them are listed in table 1 and some of
them have been reviewed (Tilley 1980) in connection with non-stoichiometry and
planar defects. All these systems exhibit homology, but not all of them strictly conform
to the criteria mentioned earlier. In some of the systems magnetic, electrostatic or other
interactions may be more important than interactions arising from the structural
characteristics of the component units. Some of the intergrowth structures formed by
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Recurrent ordered intergrowth structures forming homologous seriest~

1. Barium ferrites

(i) MpYq where M = BaFe~2019 and Y = Ba2Me2Fe~2022 (Me = Zn, Ni etc.);
Ba2n+pMe2nFelz~÷p~O2z,+ 19p with n = 1 to 47 and p = 2 to 12.
(ii) MSn where S = Me2Fe4Os with n = 1,2,3,4
(Anderson and Hutchison 1975)
2. Perovskites

/i) Bi4A,,+n-2B,,÷,O3~m+,j+6 formed by Aurivillius oxides of the type Bi2A,-1BnO3,+3
(Gopalakrishnan et al 1984)
(ii) A , B , 0 3 , ÷ 2 such as (Na, Ca)~NbnOa,+2 with n = 4-4.5 (Portier et al 1975; Ganapathi and Rao,
unpublished results)
Off) A,+ ~B, O3,÷ t as exemplified by Sr-Ti-O and La-Ni-O systems (Tiiley 1980; Mohan Ram et a11985)
3. Tungsten bronzes

(i)
(ii)
(iii)
(iv)
(v)
(vi)

A~WO3 (Ire) with A = alkali metal, Bi etc. (0-0 < x < 0-1) (Kihlborg 1978; Ramanan et al 1984)
A x M ~ W l - x 0 3 (bronzoids) with M = V, Nb etc. (0.0< x < 0.1) (Kihlborg and Sharma 1982)
A~P4Oa(WO3)2,, with m = 4-10 (Hervieu and Raveau 1982)
K~P20,(WO3)2,. with m = 2 IGroult et al 1982)
P , Os(WO3)4, (Benmoussa et al 1982a)
ACu3M7021 with M = Ta, Nb (Benmoussa et al 1982b)

4. Siliconiobates

(i) (AaM6Si4026). (A3Nba-~M~O21) with A = Ba, Sr; M = Ta, Nb (Studer and Raveau 1978)
(ii) (Ba3Nb6Si4026)~ AaNbxM~O21 with A = K or Ba; M = Ti, Ni, Zn etc. (Chailleux et al 1978)
5. Others

(i) (ATi6013), (A'Ti4Og)m with A = Na, A' = Ba (Hervieu et al 1980)
0i) La203-ThO2 system (Van Tendeloo et al 1979)
(a) For a general discussion o f the subject see Rao and Thomas (1985).

oxides of the Aurivillius family of oxides (Aurivillius 1950; Ramanan et al 1984) seem to
be bonafide OlS. Identification of OlS has by and large been based on r~REr~ often
supplemented by x-ray diffraction. The ordered arrangement in any given sample is
generally checked by examining the lattice images of several crystals. There is little
doubt that the ordered structures are equilibrium structures rather than accidents of
random stacking during growth.
Barium ferrites: Hexagonal structures of these oxides are built up of close-packed
oxygen atoms and BaO3 layers; these layers are stacked one on top of the other so as to
retain the hexagonal symmetry of each layer. Small cations such as Mg 2÷, Zn 2÷ and
Mn 2+ occupy the inter-layer octahedral and tetrahedral layers. The structures of Mp Y~
(M = BaFe12Ot9 and Y= BazMe2Fe12022) may, in fact, be considered as intergrowths of perovskite and spinel layers (Anderson and Hutchison 1975). The large
number of ferrites with a wide range of unit cell dimensions found in this family are all
formed within the narrow range of oxygen to metal ratio of 1.42857-1-39179. Mp Y~
ferrites have been investigated by HREM(McConnel et al 1974; van Landuyt et al 1974;
Anderson and Hutchison 1975) and we show a typical lattice image of an oIs of a barium

Fig-are 3.

HREM image of an ordered barium ferritc with the composition M Y M Y6 (Anderson and Hutchison 1975).
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ferrite in figure 3 to illustrate the remarkable order as revealed by HREM.The complexity
of the ordered sequences in the Mp Yqphases is illustrated by the ferrite M12 Y47 which
has the composition Balo6 Ni9, Fe7o8 O1268 with 12 M units in primitive repeat; such a
phase could only have been identified with the aid of HREM.It is interesting that solids of
the composition Mp Y~with A13÷ in place of Fe 3 + are not formed, suggesting the role of
magnetic interactions in forming the long period structures. The M phase also forms a
series of solids of the general formula MnS(S = Me2Fe4Os).
Perovskites: If the perovskite structure is cut parallel to the (110) planes, slabs of the
composition A._ 1B. 03. + 2 are obtained; if these slabs are stacked, an extra sheet of A
gets introduced giving rise to the family of oxides of the general formula A.BnO3n+ 2.
Typical members of this family (Nanot et al 1974) are Ca2Nb2Ov(n =4),
NaCa4 Nb5 O17 (n = 5) and Na2 Ca,, Nb6 020 (n = 6). HREMand x-ray studies show that
an ordered intergrowth structure with n -- 4.5 with the composition NaCasNb903t
corresponds to alternate stacking of n = 4 and n = 5 lamellae, although occasionally
• . . 44554455... type of stacking is also encountered (Carpy and Portier 1974). In
figure 4, we show an HREMimage of the n = 4.5 intergrowth. Between n = 4 and 4.5 a
large number of ordered solids are found with the b parameter of the unit cell ranging
anywhere from 58.6 A in the n -- 4.5 compound to a few thousand angstroms in longer
period structures (Portier et al 1975)• In figure 5, we show the lattice image of the
n -- 4.33 intergrowth which shows a complex polytypic sequence instead of the 445
sequence. The complexity of the stacking patterns in such intergrowths is bewildering;
for example, in one of the intetgrowths, the repeat sequence is A,4A,~5~a.n,54444

Figure 4. HREMimage of the n = 4.5 member in the A . B . 0 3 .
NaCaaNbgO31 (by L Ganapathi of this laboratory).

+2

series with the composition
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Figure 5. Lattice image of the n = 4.33 member in the A,_~ B, O3,+2 series with the
sequence 544545445444 with a repeat unit of 176 A instead of the simple 544 sequence with a
repeat unit of 42.5 A. The two sequences may be considered to be polytypic (micrograph by L
Ganapathi of this laboratory).

5~A.~54445A.A.~5. These solids seem to belong to the class of infinitely adaptive structures
described by Anderson (1973).
Several years ago, Aurivillius (1950) described the family of oxides of the general
formula Bi2 A,_ t B. O~. + 3 where the perovskite slabs, (A._ t B, O3. + ~)2-, n octahedra
thick are interleaved by (Bi202) 2+ layers. Typical members of this family are
Bi2WO6(n=l), Bi3Til.sW0.sO9(n=2), Bi4TiaOlz(n=3) and BisTi3CrOi5
(n = 4); they have been investigated in detail by HREM(Hutchison et al 1977a). These
oxides form intergrowth structures of the general formula Bi4A= +._ 2 B=+.O3tm +.~+ 6
involving alternate stacking of two AuriviUius oxides with different n values (figure 6).
OlS with (1,2), (2, 3) and (3,4) intergrowths have been fully characterized by x-ray
diffraction and rtREM (Kikuchi 1977; Gopalakrishnan et al 1984). Preparations with
stacking of the type (3, 3,4) have not been found, but short stretches with such
sequences have been noticed in the electron micrographs. These materials seem to be
truly representative of recurrent ordered intergrowth since other factors such as
magnetic interactions and the possibility of infinitely adaptive structure do not
manifest themselves. The impressive periodicity found in the recurrent intergrowth
solids formed by the Aurivillius family of oxides is illustrated by the high resolution
electron micrograph in figure 7 where the structural projection as well as the computersimulated image are also shown. This micrograph almost appears to be the ultimate in
resolution since we can clearly see the interface of Bi atoms between the n = 3 and n = 4
members of the Aurivillius family of oxides as well as the heavy atoms constituting the
perovskite layers.
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Figure 6. Schematicillustration of the first three members of a homologous series of
structures Bi4Am+.- 2B. +. O3~,,+.~+6. A and Bi ions are shownas filledcirclesand oxideions
as open circles; M O 6 groups are shown in polyhedralform.

Oxide bronzes: The relative ease with which WO3 forms tetragonal, hexagonal or
perovskite-type bronzes by interaction with alkali and other metals is well known
(Eckstrom and Tilley1980; Rao et al 1984). The new family of intergrowth tungsten
bronzes (xxB) involving the intergrowth of nWO3 slabs of one to three strips of the
hexagonal tungsten bronze (nxB) is of relevance to our discussion here. In these
intergrowth tungsten bronzes (Hussain and Kihlborg 1976; Kihlborg 1978) of the
general formula MxWO3, x is generally 0.1 or less and depending on whether the .xB
strip is one or two tunnel wide, ira are classified as belonging to (0, n) and (1, n) series.
nxB strips of two tunnel width seem to be most stable in ~xB and many ordered
sequences of the (0, n) and the (1, n) series have been identified (figure 8). In figure 9, we
show the HREM image of an ordered m3. Recently, m3 phases of Bi have been
characterized (Ramanan et al 1984) and in this system the .~13 strips are always onetunnel wide (figure 10). Displacement of adjacent tunnel rows due to the tilting of WO3
octahedra often results in the doubling of the long-period axis of the ixB. Complex
intergrowth sequence such as [-(1, n)x (1, n')r]z are also known. A typical member of such
a series is [(1, 7)~ (1, 8)2 ] with a repeat distance of 425 A. When pentavalent metals such
as V and Nb partly replace W in an Ira, we get fully oxidised bronzes called bronzoids
(Kihlborg and Sharma 1982). Bronzoids are also ois but with a greater proportion of

Figure 7. HREM image of Bi9Ti6CrO27 formed by the recurrent ordered intergrowth of Bi4TiaO12 (n = 3, Aurivillius phase) and
BisTiaCrOi5 (n = 4). Computer-simulated image and structural model are also shown (from Gopalakrishnan et al 1984).
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11,4)

11,5~

(1,6)
Figure 8. Structural drawing of different (1, n) intergrowth tungsten bronzes. Hexagonal
tunnels of the HTB strips separate WO3 slabs (after Kihlborg 1979).

the HTa, triple tunnel HTB strips being more stable. Bronzoids exhibit superstructures
resulting from complex repeat sequences.
Intergrowth structures of the general formula Ax P4 08 (WOa)zm where A = K or Rb
have been prepared (Hervieu and Raveau 1982). These solids which are analogous to
ITB,comprise WO3 slabs connected through P2 07 groups. Solids with m between 4 and
10 have been characterized. Compounds with odd values of m are also found to possess
structures built up of distorted hexagonal tunnels formed by corner shared octahedra
and P2 07 groups (just as the even m members), but accompanied by a shifting of
successive rows; the odd m members are not intergrowths of two even m members with
different widths of the WO3 slabs. The a parameter of the unit cell varies between 10.2
and 21.4A for m = 4 - 1 0 . The bronze KxP204(WOa)2m with m = 2 where two
octahedra wide WO3 slabs are connected through planes of PO4 tetrahedra has also
been described (Groult et a11982). P408 (WO3)4,. with m = 2.5 is found to be a regular
intergrowth formed by m = 2 and 3 members (Benmoussa et al 1982b).

O

Figure 9. Electron microscopic image of a well-ordered (1, 7) intergrowth tungsten bronze Cso. 1WO3 (from Kihlborg 1978). Two l-lTastrips are separated by
7WO6 octahedra.
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Figure 10. (a) HREM image of Bio.2WO 3 (nominal composition) obtained with a 200 kV
electron microscope. Selected area electron diffraction and x-ray emission spectrum (indicating the presence of Bi) are also shown. The image corresponds to the [001] projection.
(b) FIREM image of Bio.~WO3 (nominal composition) obtained with a 500kV electron
microscope. Dark circles in the one-tunnel wide HTBstrips are Bi atoms. The structural model
is also shown. (From Ramanan et al 1984).
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Intergrowth structures of the formula ACua M7 O21 where A = K, Rb, TI or Cs and
M = Nb or Ta are formed (Benmoussa et al 1982a) by the intergrowth of a slice of the
HTB, A M 3 0 9 and double slabs of the distorted perovskite, Cu3M40~2; we notice
that the two components in this system are oppositely charged and intergrowth
would be necessitated by the charge neutrality criterion. Formulating these solids
as tM309[nHTB 1M206 n'Per°vskite,structures of solids such as Sb2M01oO31 and
Ca2T1Ta s O~ s can also be rationalised.
Silicates: Long period structures of mica with periodicities upto 200 A are known;

in chesterite, alternating double and triple silicate chains are found to be present
(Veblen et al 1977). Some aspects of intergrowth silicate structures have been discussed by Rao and Thomas (1985). A family of ois structurally related to silicates
is that of siliconiobates formed by AaM68i4026 or K6M65i4026 (A = Ba, Sr and
M = Ta, Nb) and AaNbs_~MxO21 (A = Ba, K and M = Nb, Ti, Cr, Fe, Zn, Mg,
etc.). We shall illustrate this by the prolific number of intergrowths formed between Ba3Nb6Si4026 and BaaNb4Ti4021. Intergrowth structures of the type
(Ba3Nb6Si4026)n, BaaNb4Ti402~ with n between 0 and 15 and the c axis between
11-77A and 240A are known (Nguyen et al 1976). These solids in turn form regular
intergrowths consisting of lamellae of n and n + 1 units stacked alternately. These
form still more complex intergrowth structures (Studer and Raveau 1978) with
sequences such as (116,511514114131141311)~ and (114151141511415114141[)~. Just as the
(Na, Ca)nNb, O3~+2 family, the siliconiobates also seem to be infinitely adaptive
structures (Anderson 1973; Anderson and Tilley 1974). Intergrowth structures of the
type (BaaNb6Si4026),A3NbxMxO2~ with A = K or Ba and M = Ti, Ni, Cr etc. are
known (Chailleux et al 1978).

4. Disordered intergrowths
Disordered intergrowth is a phertomenon commonly encountered in diverse systems.
Disorder is found even in systems forming ordered intergrowth structures especially in
those with long periods. For example, the barium ferrite of the formula M2Y6
frequently shows lamellae of M2YT, M2Y5 and M2YT. Similar disordered intergrowth
has been seen in the HREMlattice image of higher members of the Aurivillius phases
(figure 11) as well as in intergrowth tungsten bronzes (figures 12 and 13).
Microsyntactic growth of neighbouring members of the VnO2n-1 family occurs
frequently (Hirotsu et al 1982), but no long range order has been observed hitherto.
V6013 similarly incorporates occasional strips ofVO2 (Calbet et a11981). In oxides of
the general formula An+l B~O3n+l, OlS of neighbouring members are not found;
instead, disordered intergrowth of different members occurs, typical of these systems
being Sr-Ti-O (Tilley 1977) and La-Ni-O (Mohan Ram et al 1985). Thus in the HREM
images of La3Ni207 and La4Ni3010, we see lamallae of other members of the
La,+~Ni, O3,+~ series (see figure 14). In fl-alumina, as well as in the corresponding
gaUia, fl and fl" forms intergrow randomly (figure 15) and the latter form is generally
not found in the pure state (Ganapathi et al 1985). Oxides of the formula
Bi2CaNan_2NbnO3,+ 3 (n = 5-8)are found to incorporate intergrowths of several
members of the family (Horiuchi et al 1980).
Nowhere is disordered intergrowth more prevalent than in silicate minerals
(Hutchison et al 1977b; Rao and Thomas 1985; Thomas et al 1982; Veblen and Buseck
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Figure 11. Disordered intergrowth in the Aurivillius phase of nominal composition
BigTi3FesO27 (.from Hutchison et al 1977a).

1979). Disordered intergrowth in silicates is generally polytypic. The power of HREMin
the study of silicate intergrowths is truly phenomenal. A fascinating instance of
intergrowth is that discovered recently in zeolites (Millward et al 1983). By employing
HREM along with optical diffraction and computer graphics, it has been possible to
obtain descriptions of intergrowth structures of ZSM-5 and ZSM-11. In one of the
samples, ZSM-11 strips occurred in ZSM-5at an average spacing of 8 ca 66 A. In another
intergrowth, one slab of ZSM-5 was related to an adjoining slab by a rotation through
90 ° around a [001] axis.
It was mentioned earlier that disordered intergrowth affects stoichiometry (unless
the component units are polytypic) and this would be the case in most of the systems
discussed in this article. It is thus possible for single crystals of such materials to exhibit
variations in composition and structure along a particular direction.

5.

Microdomain structures

Unusual superstructures of compounds of the formula SrxNd I _xFeO3_r have been
described recently (Alario-Franco et a11982). In this system, the doubling of one of the
perovskite cell axes is random in the a, b or c directions within the same crystal. This has
been considered to be due to the existence of a microdomain texture wherein the
domains are randomly intergrown in three dimensions. Within a single domain, the
structure is considered to be between that of the perovskite and brownmillerite; these

170

C N R Rao

Figure 12.

Disordered C s x WO 3 ITBshowing different widths of WO 3 slabs (from Kihlborg

1978).

two structures are indeed found in Ca and Sr ferrites depending on the composition.
Random superstructure along each of the cubic sub-cell directions of oxygen excess
Ca2LaF%O s (see Rao et al 1984 for details of such defect structures) has also been
considered to be due to a similar microdomain structure (Alario-Franco et al 1983a).
These structures, also found in other Ca~Lal _xFeO3_y compounds prepared under
oxidising conditions (Alario-Franco et a11983b), seem to involve the intergrowth of the
brownmillerite structure microdomains in the structure of Ca 2LaFe 308; samples
prepared at low oxygen pressures, on the other hand, show disordered intergrowth of
the two phases, (see Rao et al 1984 for details). While undoubtedly the structures of
these systems have much to do with the nature of defect ordering, it is interesting to
speculate whether such domain structures could result from a situation which is

Figure 13.

Disordered Bi~,WO 3 showing different widths of WO3 slabs. Electron diffraction pattern is also shown.
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Figure 14. Lattice images of La3Ni2Ov and La4Ni3Ol0 showing the presence of other
members of the La, + 1NinO3, + t series (from Mohan Ram et a11985).

intermediate between disordered intergrowth and recurrent ordered intergrowth. If the
compositional planes in coherent intergrowth enclose extended uniform regions, a
macroscopic crystal can assume a domain structure and a solid solution of irrational
total composition can possess local order according to two modes of structure and
composition.
Interesting types of domains of different oxides in the composition range
CaMnO2.5-CaMnO3.0 have been observed in a recent HREMstudy of the CaMnO3_x
system by Relier et al (1984). In CaMnO2. 5, the Mn 3 ÷ ions have square-pyramidal
coordination while in CaMnO3 they have octahedral coordination; accordingly, the
proportion of square pyramids relative to octahedra decreases as we go from
CaMnO2. 5 to CaMnO 3. These structures may be considered as superlattice repeats of
the parent undistorted perovskite, but with the superlattice mesh rotated by an angle R
in the (001) plane. The superlattice in CaMnO2. s is x/5 x x/5, but rotated by 26"5°
while that in CaMnO2.75 can be represented as ~/2 x 2 ~/2 R45 ° or ~/2 x 4 x/2 R45 °.
In figure 16 we show domains of CaMnO2.s and CaMnO2.75 found in the HREMimage.
In this laboratory, we have recently investigated quaternary oxides of the type
CaFel_xMnxO2.5 to examine the nature of superlattices due to vacancy ordering
(Vidyasagar et a11985). It may be recalled that CaFeO2.5 (x = 0) has the brownmillerite
structure with Fe 3 + in octahedral and tetrahedral sites. We would therefore expect
novel structural manifestations in CaFel -~ Mnx O2.5 as x is varied from 0 to 1. It would
not be surprising to find intergrowths of different structures as well as domains.

lntergrowth structures in inorganic solids

173

Figure 15. Lattice images of (a) potassium/]-alumina and (b) sodium/]-alumina showing
the presence of/]" units. Selected area electron diffraction patterns are also shown. (From
Ganapathi et al 1985).

6.

Disordered intergrowth vs. ordered intergrowth

Disordered intergrowths can, in principle, be considered as solid solutions of two or
more different components although uniformity in composition ordinarily found in
traditional solid solutions may not be present. Presence of a small degree of disorder in
an essentially ordered intergrowth structure can be understood without any difficulty.
However, if there is a marginal degree of order in an intergrowth structure, but no long
range order, we would be faced with the problem of deciding on the criteria for
recognising a structure as being discrete. In barium ferrites, Kohn and Eckart (1964,
1967) adopted the criterion that a stacking sequence should repeat itself at least six
times, if a phase has to be considered discrete. While such a criterion appears obviously
arbitrary, the problem of distinguishing a truly periodic structure from a disordered
structure is a genuine one. Since x-ray diffraction cannot detect stacking disorder, we
cannot have a criterion based on this technique alone. We can however stipulate that
unit cell dimensions from diffraction measurements should be consistent with those
expected from the periodicities observed in HREMlattice images obtained with a number
of specimens of a sample. Although not entirely satisfactory, this is all we can state at
this stage about the structural characterization of disordered intergrowth materials. We
must also point out here that the repeat distances in many of the intergrowth structures
is of the same order as the thickness of the crystals normally employed in HREM; high
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Figure 16. Imageshowingthe intergrowthofCaMnO2,a and CaMnO2n~ (From Relieret
al 1984). Selectedarea electron diffraction patterns are also shown.

resolution studies with thick crystals employing a million volt microscope would be
worthwhile.

7.

M e c h a n i s m o f formation o f long period structures

An important question that needs to be answered in relation to intergrowth structures
concerns the mechanism by which crystals with long periodicities and complex stacking
sequences are formed. While both kinetic and thermodynamic factors have to be
considered, it should be noted that the energy difference between the ordered and
disordered arrangements in intergrowth phases cannot be significantly large (just as in
polytypes of SiC, ZnS etc.). In order to explain long-period polytypes, it has been
suggested, that a screw dislocation could propagate growth, once a step with the
appropriate layer sequence is formed (Frank 1951). Such a mechanism would not be
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applicable to the large number of ordered intergrowth structures; screw dislocations
have not been found in any of the systems so far investigated. The impurity rejection
model (Anderson et al 1972) which is based on conditions during crystal growth from
melt, is attractive but may account for recurrent intergrowth of systems such as ITB.
Many ols are however formed by solid state reactions.
It is instructive to compare the phenomenon of coherent intergrowth with epitaxy
(Mathews 1975). Epitaxy deals with the oriented growth of one crystalline arrangement
on the face of another. Epitaxy generally involves two parallel lattice planes that have
nearly identical networks of atoms with similar spacings and is favoured if the misfit
between crystal faces is not too large (generally < 15 ~o). When the misfit is large, a
compensating change in the lattice periodicity normal to the surface becomes necessary
in order to maintain the bulk density; another possibility is the formation of
homogeneously deformed monolayers. Coherence of the atomic planes is essential in
epitaxy in order to render the planes of the two crystals into register at the interface.
Epitaxy has been found in a variety of systems, extending up to a few hundred
angstroms. Disordered coherent intergrowth also occurs up to a few hundred
angstroms. Epitaxy cannot however explain recurrent ordered intergrowth in a simple
way. If one were to invoke epitaxy for the initial intergrowth step, the mechanism of
propagation remains to be explained, unless one were to suggest repeated epitaxial
steps. Elastic strain energy which is an important factor in treating the interface
problem in epitaxy, would also be crucial in explaining ordered intergrowth structures.
It is possible that elastic energy considerations may indeed explain why some systems
form ordered intergrowth structures while others do not.
Elastic interactions (within the framework of continuum elasticity theories) are
considered to be sufficient to lead to ordering observed in shear-plane structures
(Stoneham and Durham 1973; Iguchi and Tilley 1977; Catlow and James 1980).
Infinitely adaptive structures have been explained by Kittel (1978) on the basis of elastic
interactions. It is noteworthy that in an effort to simulate long range order in polytypes
(Ramasesha and Rao 1977; Uppal et al 1980), an infinite-range interaction term
(representing the elastic contribution) has been included in addition to a competing
short-range interaction term. Following Kittel (1978), the average elastic energy per
unit area per plane resulting from the uniform strain induced by the intergrowth of
planes of two units C and I (giving rise to the composition CI) can be written as,

vel = (Kd/4)teE + e~
where ec and e~are the strains, K is the elastic modulus and d is the interplanar spacing.
If we assume the planes to be nearly of the same lattice constant, a, vel will then be
proportional to (Aa/a) z since ec = e~ and a(ec + et) = aa. ~
Elastic strain energy can be conveniently expressed in terms of the difference between
the observed and ideal volumes ofintergrowth structures. Such an approach has indeed
been successful in accounting for the formation of om of Aurivillius oxides
(Gopalakrishnan et al 1984; Kikuchi 1979). It should be possible to adopt a similar
guideline to explain the formation of ors in other systems as well. Interestingly, molar
volumes of the intergrowing phases have been considered as parameters in explaining
epitaxy. In the case of ordered intergrowths formed by the Aurivillius oxides,
(Bi202) 2+ (An-1 BnO3n-1) z-, the volume change, A V, is given by,
(
aV=2V,

a2"]2aa/
(a~_~p)
(~,p~
1-~.
+nK'. G 1 +(n+l)K'.+,V'p 1 -
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where Vp and V'p are the volumes of the unconstrained perovskite slabs of n and n + 1
dimensions, K ' is related to the bulk modulus and I"8 represents the volume of the
unconstrained Bi2 02 layers. Values of A Vcalculated for recurrent intergrowths of this
family are smaller than the sum of the values for the component n and n + 1 oxides.
In order to understand the nature of the elastic strain at the interface in intergrowth
structures, experimentally obtained high-resolution electron microscopic images have
been compared with computer-simulated images in the case of OlS formed by the
Aurivillius oxides (Jefferson et al 1984). The images were computed by assuming
different models involving compression at the interface and dilation of the perovskite
lamellae. Such a study represents a unique example of partial structure refinement by
high resolution electron microscopy. The results of the study clearly show the presence
of strain effects. The effect of elastic strain can be seen even visually in the high
resolution micrograph (see figure 7) where the two Bi-atom layers at the interface are
much closer to each other than expected.

8. Concluding remarks
The phenomenon of intergrowth has wide-ranging implications in solid state and
structural chemistry. While disordered intergrowth accompanied by compositional
changes is likely to be present in a large variety of materials, the recurrent ordered
intergrowth structures with homology and associated long periodicities should
certainly be considered as a new class of inorganic solids (see table 1). Undoubtedly,
more such compounds will be discovered in the years to come. There is considerable
scope for investigating the mechanism of formation, detailed structure as well as
properties of these solids. It is possible that some of the intergrowth structures will have
novel properties; more interestingly, intergrowth may provide a means of compositional tuning of properties.
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