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Complex oxides with coherent intergrowth structures
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Abstract. The review deals with the characteristic features of the
formation of certain complex perovskite-like oxides. In the
crystal structures of these compounds, it is possible to differ-
entiate fragments with different structures, which alternate along
the three-fold or four-fold axis of the perovskite sublattice. This
approach has been applied successfully to the synthesis of a large
number of new complex transition metal oxides, in particular
those belonging to the family of Hg-containing high-temperature
superconductors with the highest transition temperatures for
superconduction. The bibliography includes 79 references.

L. Introduction

Fragments with different structures, for example blocks of the
perovskite (CaTiO3), sodium chloride (NaCl), and fluorite
(CaF,) types or individual layers alternating along the large
period of the unit cell may be conventionally differentiated in the
structures of many complex oxides. In many instances, the
differentiation of such fragments is conventional [for example,
the differentiation of the (TiO,) layers in the perovskite
structure]. However, in the structures of the superconducting
complex copper oxides, which will be considered in the second
section of the present review, the differentiation of the (CuO,)
layers is justified, since the Cu -~ O distance in these layers is much
shorter than the distances between the atoms of the neighbouring
layers. A necessary condition for the formation of structures
consisting of alternating blocks is the geometrical compatibility
of fragments with different structures, for example in the ab
plane. The cubic unit cell parameters a of oxides with structures
of the NaCl and CaF, types are in the range from 5.4 to 5.7 A. The
cation —cation distance in these structures is close to the corre-
sponding distances in perovskite-type structures—3.8-4.2 A
(anact =~ an =~ \/iape,). The face-centred unit cells of the NaCl
and fluorite types can be transformed into tetragonal body-centred
cells with the parameter a close to ;. We may note that the motif
in the arrangement of the cations in the perovskite structure and in
the transformed cells of the fluorite and NaCl types is the same,
but the coordinates of the oxygen atoms are different (Fig. 1).
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Figure 1. Schematic illustration of the formation of intergrowth structures
for the alternation of NaCl- or fluorite-type blocks and (CuQ,) layers
along the fourfold axis.

The third section of the review deals with compounds in the
structures of which the common elements of the fragments are
close-packed layers. In this case, the coalesceing fragments are
oriented at right angles to the threefold axis of the perovskite
sublattice. An obligatory condition for the formation of coherent
intergrowth structures is also the chemical compatibility of the
ions entering into their composition (for example, the situation
where powerful oxidants and reductants are not present
simultaneously) and the electrical neutrality of the unit cell.
One should also note that the consideration of structures in
inorganic chemistry as sequences of simpler structures arranged in
a definite order is to some extent analogous to the description of
homologous series of organic compounds. The difference consists
in the fact that the alternating elements in the latter case are
isolated groups of atoms, whereas in inorganic compounds these
are layers or blocks of infinite extent in two directions.

The use of such a treatment of the structures makes it possible
to predict the feasibility of synthesising new compounds having
the necessary structural fragments giving rise to unique physical
properties. For example, we have used this to synthesise new
superconducting complex copper oxides.
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IL. Structures with alternation of fragments with
different structures along the fourfold axis

1, Complex copper oxides having the general formula A,BO,
The simplest coherent intergrowth structure is that of K;NiF,.
Numerous complex lanthanide and transition element oxides
crystallise in this structural type."? The structure contains
fragments of the perovskite and NaCl types (Fig. 2). The
structure of K,NiF, can be represented schematically as the
following arrangement of layers along the threefold axis:

-+-(NiF3)— (KF) — (FK) ~ (F2Ni) - (FK) — (KF) - (NiF3) -

tf : :

where ¢ & 3ap,;.

Figure 2. Coordination polyhedra of the nickel atoms in the K;NiF,
structural type.

The atoms in the (KF) and (FK) as well as (N:Fz) and (Fle)
layers are displaced relative to one another by a 3 ( a +b )
translation. The coordination number (CN) of the A cation in this
structure is reduced from 12 to 9, in contrast to the perovskite
structure. Among lanthanide cuprates, only La,CuQy4 (7-phase)
crystallises in the K, NiF, structural type and its low-temperature
modification has an orthorhombically distorted structure.’ The
substitution of La** by alkaline earth metal cations in La2CuO4
leads to the stabilisation of the tetragonal modification®> — for
example, the crystal lattice of the Laz_XerCuO4 5 solid solution
becomes tetragonal for x = 0.1,* the solid solution possessing
superconducting properties with 77 =38 K for x =0.15.5
The coordination polyhedron of copper is an octahedron distorted
as a consequence of the Jahn—Teller effect.

The cuprates R,CuQO, of lanthanides having the smallest
ionic radii (R = Pr — Gd) crystalhses in another structural
type — Nd,CuO4 (T _phases).’ Thestructures of these phases differ
from that of La,CuQ,4 only by the arrangement of the oxygen
atoms in the unit cell. The coordination number of the lanthanide
is reduced to 8, while the coordination polyhedron of copper in the

"-phases is a square (dcy_o = 1.95 — 1.98 A).%° The structures of
the 7" -phases can be represented as a result of the alternation of the
(R,0,) fluorite fragments and the (CuO,) layers along the ¢ axis of
the unit cell (Fig. 3). It has been established that, when the trivalent
lanthanide cations are replaced by tetravalent ones (Ce**, Th*"),
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Figure 3. The crystal structure of the T'-phases. The coordination poly-
hedron of the copper atoms is a square.

the majority of the T"-phases (R = Pr — Eu) pass to the super-
conducting state, electrons being the charge carriers, while
T™* =24 K for R = Nd or Pr.!” The synthesis at atmospheric
pressure leads to the formation of lanthanide cuprates
(R=Dy-Tm, Y) with a different composition (R,Cu,Os),
in the structures of which the lanthanide element has a coor-
dination number of 6,'! Compounds of the same lanthanide
isostructural with Nd,CuO, have been obtamed only by employing
high isostatic pressures (50 -80 kbar).!?

The complex copper oxides (La, R);Cu0O,_; (R = Gd, Tb, or
Dy) with specific ratios of lanthanum and the other lanthanide
crystallise in a new structural type—the T *-phase. In the
structures of these phases, the (CuQ,) layers alternate with blocks
of the fluorite and NaCl types (Fig. 4). In the structures of the
T *-phases, it is possible to differentiate cationic sites in the
fluorite (CN =8) and NaCl-type (CN =9) fragments. An
important condition for the preparation of the above compounds
is therefore the presence of two different lanthanide cations, which
populate these sites in an ordered manner. The coordination
polyhedron of the copper ions is a tetragonal pyramid extended
along the fourfold axis. The addition of the alkaline earth metal
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Figure 4. The crystal structure of T *-phases. The coordination polyhedra
of the copper atoms, the cations in the NaCl (/) and fluorite (2 ) blocks,
and the oxygen atoms ( 3) are shown.
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Figure 5. Dependence of the minimum concentration of strontium on
the nature of the lanthanide for solid solutions with the structure of the
T*-phases.

cations Sr** or Ba** makes it possible to obtain the T*-phases also
with other lanthanide elements. Such phases have been obtained in
systems with R = Sm — Lu and Y (Fig. 5),13-16

It is noteworthy that the X-ray diffraction patterns of the T,
T'- and T*-phases are very similar. This is due to the fact that the
cations in the structures of the phases populate the same positions.
However, the unit cell of the T"*-phases is primitive, in contrast to
the body-centred cells of the 7- and T -phases. Furthermore, the
ratios of the unit cell parameters of the above phases differ
significantly: the ratio ¢/3a is ~ 1.15 for the T-phases,
~ 1.06 — 1.08 for the T*-phases, and ~ 1.02 for the T'-phases.

It has been suggested on the basis of the analysis of the
tolerance factors #(t = da_o/v/2dg_o) for a large number of the
compounds A,BO, that the structures of phases with a given
composition can be predicted from the value of .!” The authors
established that 0.87 < ¢ < 0.99 for the T-phases and 0.83 < ¢ <
0.855 for the T'-phases, while the T*-phases exist (if they are
formed in the given system) within the very narrow range
0.855 € ¢ < 0.87. Naturally, in the latter case at least two
A-type cations are needed for the ordered population of two
different positions.

Undoubtedly the employment of the tolerance factor is useful
and in many cases makes it possible to predict correctly the
structures of the compounds. However, the limitations and
disadvantages of this method must be noted. Firstly, the above
model presupposes the purely ionic character of the A—O and
B-0O bonds, which is not quite correct when B is a transition
element, since in this case the B—O bond is to a large extent
covalent. Secondly, the model ignores the electronic structure of
the B cations. It is well known that the T’ -phases are formed only
for B = Cu**, whereas the square coordination is characteristic
also of other cations (Ni**, Pt?*, etc)). However, the compound
Gd;NiO,, for example, which should have the structure of a
T’-phase in terms of the value of ¢, has in fact the structure
of a T-phase.'® Thirdly, with the aid of this model it is impossible
to explain why a compound with the same cationic composition
subjected to different heat treatment conditions has different
structures. For example, the compound La, ;Dy;7Ceq ; CuOy, 5,
synthesised at po. = 1 bar, has the structure of a 7 *-phase,
whereas after annealing under a nitrogen atmosphere a
T'.phase is formed."

In our view, apart from the purely geometrical criteria, it is
also necessary to take into account electronic structure factors.
For example, Ni-containing compounds with the structure of a
T'-phase are not formed, apparently because the pairing energy of
the e, electrons is higher for the Ni?* cation with the 3d° electronic

configuration than the energy gain in the subsequent removal of
degeneracy when the environment of Ni?* is altered to the square
form. Furthermore, the geometrical dimensions of the (CuQ,) layer
also depend on the electronic factors. We shall consider this in
greater detail.

The size of the perovskite block in the ab plane is to a large
extent determined by the length of the Cu~ O bonds in the (CuO,)
layer. The length of these bonds is determined by the degree of
filling of the o*-zone, formed mainly as a result of the overlap of the
3d,2_, orbitals of copper and the 2p, , orbitals of oxygen. An
increase in the degree of filling of the o*-zone (an increase in the
height of the Fermi level), which corresponds to a decrease in the
formal oxidation state of copper, leads to an increase in the length
of the Cu-O bonds in the (CuQ,) layer. When electrons are
removed from the c*-zone (this corresponds to an increase in
the formal oxidation state of copper), the lengths of these bonds
diminish. The degree of filling of the above zone can therefore
determine to a large extent whether the perovskite and other
structural fragments have common dimensions. It can be altered
by the heterovalent substitution of the cations in the structure and
by varying the heat treatment atmosphere.

In the La— R ~Cu-0O systems, 7*-phases are formed only for
R = Gd — Dy. The lanthanide atoms in the structure of the
T*-phase populate in an ordered manner two different
crystallographic sites. For the lanthanides at the beginning of
the series with ionic radii similar to that of lanthanum, such
ordering does not occur. Instead, the formation of extended regions
of solid solutions with T"-phase structures is energetically more
favourable. When R = Ho — Lu and Y, an appreciable decrease in
the effective radius of the cation in the fluorite fragment leads to the
disappearance of common dimensions between this fragment and
the (CuO,) layer. As a result, the corresponding T *-phases are not
formed.

However, the partial substitution of La*>* by Sr** or Ba®* in
the NaCl-type fragment leads to the stabilisation of the T"*-phase
structure. It has been established in relation to the solid solutions
La;;_,DyysM,CuO,4_5; (M = Sr or Ba) that such substitution
leads to an increase in the average formal oxidation states of
copper.'® The Cu-O distance then diminishes in the (CuO,)
layer, which is reflected by a decrease in the unit cell parameter
a with increase in the concentration of the alkaline earth metal
cations despite the fact that their ionic radii are greater than that
of La**.

With decrease in the R** radius in the series of lanthanides,
there is an increase in the oxygen nonstoichiometry indices of the
compounds obtained (Table 1). This results in an increase in the
concentration of electrons in the antibonding c*-zone (or in the
‘reduction’of copper), which should be accompanied by an increase
in the Cu- O distance in the (CuQ,) layer. Thus, the decrease in the
size of the fluorite fragment owing to the decrease in the ionic radius
of the lanthanide is accompanied by an increase in the linear
dimensions of the (CuO,) layer and the T *-phase is not formed
as a result. However, the addition of an alkaline earth element,
accompanied by a decrease in the equatorial Cu- O distance as a
consequence of the ‘oxidation’ of the (CuQ,) layer, makes it
possible to stabilise the 7*-phase structure also in systems
with R = Ho — Lu and Y. It is noteworthy that the minimum
Sr concentration required in the given series of lanthanides
increases steadily with decrease in the ionic radii of the latter
(Fig. 5).

Table 1. The unit cell parameters (a), the oxygen nonstoichiometry
indices (), and the formal oxidation states of copper (V¢,) for the
T*-phases LaRggSry;Cu0Oy_5 (R = Sm, Gd, or Ho).

Compound a/A 8 Veu
LaSmo,gSro_2Cu04_,5 3.87 10(4) 0.06 2.08
LaGdo.Sro2Cu04_ s 3.8583(2) 0.08 2.04
LaHO(),gSroszuO‘t_‘s 3.8375(4) 0.11 1.98
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In the systems with R = Sm and Eu, the addition of strontium
or barium also leads to a decrease in the Cu~O distance in the
(Cu0O,) layer, whereupon the resulting ‘contraction’ of the
structure in the ab planeleadstoadecreaseinthe M — Ointeratomic
distances for the cations in the fluorite fragment. The filling of the
cationic sites in the latter by lanthanum atoms becomes
energetically unfavourable. This results in the formation of a
T*-phase structure in which the La and Sr atoms populate
statistically the cationic sites in a NaCl-type block, while the
Sm and La atoms populate the sites in the fluorite fragment.

Asnoted above, the degree of filling of the 6*-zonedependson
the oxygen pressure employed in the synthesis. For example, after
synthesis at 950 °C in a stream of oxygen, La, sNdy sCu0O,_s hasa
T-phase structure (6 = —0.01), whereas heat treatment under less
oxidising conditions (1050 °C, air) leads to a phase transformation
with formation of a T'-phase (6 = +0.02).!% The decrease in the
Cu--Odistanceinthe (Cu0O,)layer and the stablisation of the phase
with a smaller unit cell parameter a during synthesis under an
oxidising atmosphere are a consequence in this case of the increase
in the formal oxidation state of copper.

2. Compounds of the 223 and 1222 types

Another example of compounds in the structures of which it is
possible to differentiate fragments with different structures are
the 223 phases. The first representatives of this family of phases
having the composition (R;_,Ba,),(R|_,Ce,),Cu;04,s
(R=R'=Nd, Sm, or Eu, x=0.67, y=0.33) have been
obtained by Japanese investigators.”® The structure of these
phases (Fig. 6) is derived from the tetragonal modification of the
123 phases (RBa,Cu;0;_s), but the (R50,)™ fluorite fragment is
located between the (CuO,) layers instead of the (RC1)>* layer.
This results in the doubling of the unit cell parameters ¢, since in
the (R)(0;)(R") fluorite block tl_1_§ (R) layers are displaced
relative to one another by the 2( a+ b ) translation. The 223
phases have superconducting propertles but the transition
temperatures for superconduction in these phases are lower
than for the 123 phases (T™** = 59 K).2! The 223 phases have a

CuOsz2—s

Figure 6. The crystal structure of 223 phases. The coordination polyhedra
of the copper atoms in the (CuO,) layers are shown.

tetragonal body-centred cell (@ = ape,, ¢ = 7ap,;). The model of
their structure can be described as of the 14-layer type in which
the layers are arranged in the following manner along the ¢ axis:

«(Cu0200;_5)— (RO)—(R50,) ~ (02Cu) — (OR) ~ (02 - s05Cu)- -

}: c/2

The above schematic arrangement of the layers along the
fourfold axis has been confirmed by the determination of the
structures of the Ce- and Th-containing 223-phases from single-
crystal X-ray diffraction? and powder neutron diffraction® data.
The sites in the fluorite fragment (CN =8) are populated
statlstlcally by the triply charged lanthanide cation and Cett
(or Th +) The coordination number of the cations located in the
perovskite block depends on the oxygen nonstoichiometry index
and is usually close to 10. The coordination polyhedron of the
copper atom in the (CuQ,) layer is a tetragonal pyramid extended
along the fourfold axis, as in the case of the 123 and T™*-phases.
The coordination polyhedron of the copper atom in the
(CuO;s0,_5) layer with 6 =0 is a dumbbell. It is mterestmg
that 223 phases with an ordered arrangement of La** cations
and lanthanides having a smaller radius in the perovskite and
fluorite blocks respectively can be obtained. For example,
one can obtain (La() 33Ba0 67)2(Gd0 67C€0 33)2CU308+5 x and
(Lag33Bag 67)2(Ro674x Tho33-)2Cu305,5 (R=Nd-Gd, x=10
and 0.17).22 Such ordering can be achieved as a consequence
of the significant differences between the sizes of the vacancies
in the given fragments.

The formation of the 223 structure requires the attainment of
common dimensions of the perovskite and fluorite blocks in the ab
plane. The geometrical dimensions of the blocks can be varied by
altering their cationic composition. It is noteworthy that the
magnitude of the unit cell parameters a in compounds with a
fluorite block is determined to a large extent by the size of the latter
in the ab plane, since the highly covalent nature of the bond renders
this block the most rigid structural fragment. Table 2 presents as an
example a series of 223-phases, the cationic composition of the
fluorite blocks of which is the same or similar, whereas the cationic
compositions of the perovskite fragments differ quite appreciably.
The unit cell parameters a of these compounds are very similar,
which confirms the conclusion that the linear dimensions of the
223 phases in the ab plane are determined primarily by the
geometrical dimensions of the cations populating the sites in
the fluorite fragment. For the attainment of common dimensions,
the change in the composition of the fluorite block should be
accompanied by the corresponding change in the cationic
composition at the A sites of the perovskite fragment.

The 223 phases containing Ce and Th are isostructural.
However, since the ionic radius of Th*" is appreciably larger than
that of Ce**, the cationic compositions of the perovskite
fragments of these compounds differ significantly. For example,
the 223 phases R;Ba;33Ces7Cu;03,5; are formed only in
systems containing lanthanides from the middle of the series
(R = Nd — Eu),?® whilst the analogous Th-containing phases are

Table 2. The unit cell parameters of 223 phases.

Compound a/A c/A Ref.
(Ndo.}sBaOAﬁz)2(Nd0,67ceo,33)2CU308.91 3.8747(4) 28. 599(3) 23
(Ndo.17Bao 83)2(Ndp.67Tho 33)2Cus0s86  3.9071(4) 28.71(2) 22
(Lao33Bao 67)2(Ndo 67Tho33)2Cu3Os91  3.9071(5)  28.762(6) 22
(Smo 33Bag 67)2(Smo.67Ce0.33)2Cu30g.79  3.8620(8)  28.382(5) 22
(Smo,33Bao.a7)z(Smo,67Tho_33)2Cu308 +8 3.8934(6) 28 .609(8) 22
(Lao.33Ba0.67)2(Smo.67Tho33)2Cu30s91  3.8935(1)  28.728(4) 22
(Eug.33Bag.67)2(Eug 67Ce0.33)2Cu30z 4+ 5 3.8504(1) 28.460(5) 20
(EU()Amsro,go)z(EUQ70CCo,30)2CU303+5 385]9(6) 28.1 57(8) 25
(Lag.33Ba0.67)2(Eug.75Tho 25)2Cu303. 78 3.8866(9) 28.62(2) 22
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formed only in systems with R = La or Pr.2 The effective radius
of the cation in the perovskite fragment of Th-containing
compounds must increase compared with the Ce-containing
phases. This can be achieved not only by replacing Nd** by La**
in the perovskite fragment but also by increasing the Ba®*
concentration in the cationic sites of the perovskite block.

The 223 phases (R, M),(R’, Th),Cu30q_ 5 are not formed for
M = Sr, whereas in the Ba-containing system such compounds
have been obtained for R’ = La — Gd. However, when the sites in
the fluorite block are populated statistically by the Ce** and R**
cations, the size of the cationic vacancies diminishes significantly,
as a result of which the formation of Sr-containing 223 phases
becomes possible in systems with R = Pr — Gd.% We may note
that the phases with R = Sm and Eu possess superconducting
properties, whereas the large Cu — O distance in the (CuQ,) layer in
the Th-containing compounds is responsible for the locai. ¢ = f
theelectronic states. On further contraction of the fluorite tragu.cnt
for R = Dy — Yband Y, Ba-containing phases were not obtained,
while in the case where M = Sr the 1222 phases, differing from the
223 phases in composition and structure, were produced. The
partial or complete substitution of the copper cation in the
(CuO;,_s) layer by another cation takes place in the structure
of the 1222 phases. The filling of the oxygen sites in this layer is
determined by the crystal chemistry of the given cation. Such
change in the structure leads to a marked deformation of the
CuQ, layers and to the loss of superconducting properties.
On the basis of experiments of this kind, one may conclude
that the synthesis of superconducting complex copper oxides
with a fluorite fragment requires the presence of Ce** and
Nd>* — Gd*" in the latter, since this leads to the optimum
Cu -0 distances for the manifestation of superconductivity.

The 1222 phase was first obtained in the Pb—Pr—Sr-Cu-0
system.?® Instead of the (CuO;[J>-5) layer, its structure contains
the (Pbg sCuqg sO;) layer in which the anions populate statistically
both the sites at the centre of the square (% , % ,0) and the perovskite
sites (0,-%, 0). The TISr,(Nd,Ce),Cu, 04, 5 phase is close to those
described above, but the (CuO;[J,_;) layer in its structure is
fully replaced by the (TIO;) layer.’” The compounds
(R 5Cen5)Sr,Cu; Nb(Ta)O,q (R = Pr — Eu), the structures of
which contain the (NbO,;) or TaO, layers instead of the
(CuO;[J,_s) layer, have also been described. %%

There is a possibility also of a further increase in the
complexity of the structures of the 223- and 1222-phases as a result
of the incorporation in the fluorite fragment of additional (R")and
(0,) layers. In this case, the fluorite block has the composition
(R}0,). The 233-phases Sry(R,Ce);Cu30y0,5 ® and the 1232-
phases (Pb,Cu)Sry(R,Ce);Cuy0y1,5, as well as (TL,Cu)Sr,.
(R,Ce);Cu,0y s 3! are derivatives of the 223~ and 1222-phases
with ‘doubled’ fluorite fragments.

3. The superconducting mercury-containing family of layered
cuprates: HgBa,Ca,.;Cu,0z2,42+5s (n=1-4)
The structures of the Bi-, Tl-, and Pb-containing high-tem-
perature superconductors (HTSC) can be regarded as
intergrowth structures of the perovskite and sodium chloride
blocks, the Bi**, TI**, and Pb?* cations being located in the
NaCl-type fragment. It is noteworthy that the ideal equatorial
M - O distance for these cations is to a large extent determined by
the Cu-O distance in the CuO, layer: dy_o ~ V2dcy_o.
However, the calculated values significantly exceed the character-
istic values dy_o. As a consequence of this, marked displace-
ments of these cations and oxygen atoms from the ideal positions
take place in the (MO) layers in order to diminish the
corresponding interatomic distances and the CN of the cations
M. The presence of the lone pair in the Bi** and Pb®* cations also
causes their appreciable displacements, required for the forma-
tion of an asymmetric coordination environment.

It is possible to synthesise layered cuprates with structures of
this kind by employing Hg?* cations, a characteristic feature of
which is the dumbbell-like coordination of the oxygen atoms.

In this case, the oxygen sites in the layers with mercury atoms may
be partly filled or even remain vacant, since the Hg— O bond in this
layer must be very weak. Under these conditions, there should be
no incompatibility between the dimensions of the structural NaCl
and perovskite fragments.

The new layered oxides HgBa,CuO,.; 2, HgBa,CaCu,.
-O6+5 33, HgB82C32CU30g+5, and HgB32Ca3CU4010+5 M (the
Hg-1201, Hg-1212, Hg-1223, and Hg-1234 phases respec-
tively) have been obtained. These compounds belong to the
homologous series of layered cuprates with the general formula
HgBa,Ca,_,Cu,0y,,7,5, in which n=1-4 (Fig. 7). In the
structures of the Hg-1212, Hg-1223, and Hg-1234 phases, two,
three, and four (CuQ,) layers, separated by (CaD)*, respectively
are located in the perovskite block. The NaCl-type fragment has a
similar construction in these structures and is characterised by the
sequence of layers (BaO)(HgO; ) (BaO). The unit cell parameter ¢ in
these compounds is determined by the following relation:
c(A)x 9.5 + 32 (n-1).

Hg-1212

o O

O Ba

Hg-1234 + Cu

Figure 7. The crystal structures of HgBa,Ca,,_;Cu,,04,5(n =1 — 4).

The results of resistance and magnetic measurements have
shown that the Hg-1201, Hg-1212, Hg-1223, and Hg-1234 phases
are superconductors with maximum transition temperatures for
superconduction of 94, 126, 134, and 126 K respectively.3234
The transition temperatures of these compounds can be
significantly raised (to 157 K at 235 kbar for Hg-1223) at
ultrahigh hydrostatic pressures.>® The temperature of ~ 160 K is
nowadays the highest at which superconductivity has been
recorded. Unfortunately, when the external pressure is removed,
the transition temperature falls to the values usual for these
compounds.

Neutron and X-ray powder diffraction made it possible to
locate the positions of the superstoichiometric oxygen in the
Hg-1201 and Hg-1212 structures.>3*3 37 It was established that
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such oxygen is present in a single layer with mercury atoms and
that its content is appreciably less than unity, in contrast to the
Tl-containing analogues. Annealing of such phases at different
temperatures and partial oxygen pressures leads to a change in the
degree of population of this site and hence to an alteration of the
concentration of holes in the conduction band and of the
transition temperature for superconduction.’??’

The family of Hg-containing phases obtained is a promising
subject for the investigation of the nature of high-temperature
superconductivity in the series of layered cuprates, since high
values of T are characteristic of these compounds (they are higher
than for the Tl-containing phases having a similar cationic
composition), this being combined with a fairly simple crystal
structure, which is reflected by the absence of modulations
and statistical displacements of the atoms and by the high
cell symmetry.

I11. Intergrowth structures with alternation
of fragments along the threefold axis of the
perovskite subcell

The structure of the ideal cubic perovskite ABX; can be regarded
as the spherical close packing of AXj layers alternating along the
threefold axis. The shift of part of this layer leads to the formation
of different types of close packing as regards the layered structure
and symmetry, which are also referred to as hexagonal analogues
of the perovskite structure. In certain structures of complex
perovskite-like oxides with highly layered types of close packing,
it is possible to distinguish blocks alternating in an ordered
fashion along the ¢ axis (which coincides with the threefold axis of
the perovskite subcell), their composition and structures corre-
sponding to those of simpler compounds with less layered
packing. Formally, this justifies their consideration as inter-
growth structures with alternation of perovskite-like blocks along
the threefold axis.

The main geometrical criterion of the possibility of the
formation of intergrowth structures is the common dimensions of
the initial fragments, i.e. the correspondence of their dimensions in
the ab plane. In the presence of the same skeleton, formed by close-
packed AXj; layers, the difference between the values of the
parameter a is determined by the size of the cations occupying
the octahedral vacancies in the close-packed structure.

We shall henceforth consider mainly only compounds in
which the close-packed structure is made up of MOj; (or MO;_;)
layers, where M = Ba, Sr, Ca, or La.

The formation of intergrowth structures is facilitated by the
presence of stable structural fragments, the formation of which in
the majority of cases is due to the presence of groups of face-linked
octahedra arising when part of the layers are displaced by the
vector %, %, 0 [under these conditions, the ‘cubic’ (c) layers are
transformed into ‘hexagonal’ layers (h)]. As a result of the
presence of common faces in the neighbouring octahedra forming
an h-type layer, the distance between the metal cations in these
octahedra should correspond to the average thickness of the close-
packing layer (for the packing of BaO; layers, this range may be
2.2-2.6 A). This leads to an appreciable electrostatic repulsion of
the B cations in the face-linked octahedra. It is useful to discuss the
factors stabilising such structural fragments. The electrostatic
repulsion of the highly charged B cations may be diminished
by the partial population of the B sites by cations with smaller
formal charges. This occurs in structures of compounds such as
Ba;M;LiO;; [M =Ta, Nb; 8-layer (hccc), packing] and
BasW;Li,O;s [10 layer (hccee), packing].**~40 In the compound
BasW,Li,0;s, chains of vertex-linked octahedra are alternately
populated by lithium and tungsten atoms, while pairs of face-
linked octahedra are populated statistically: 45% Li + 55% W. A
similar motif in the arrangement of the cations is observed also in
the structures of the compounds BayM;LiO,,. This arrangement of
cations leads to minimum repulsion between the highly charged
cations M®* or M>*, which is expressed by shortened metal — metal

distances (for example, the Ta/Li — Ta/Li distance is 2.258 A,
while the W/Li — W/Li distance is 2.196 A).

On the other hand, the compounds Ba;Ru;Mo;; (M = Na,
Li) have a different type of distribution of the B cations among the
octahedral sites.*! In the case of the compound BasRuz;NaO,,
[8-layer (hccc), packing), and BajRu;LiO;, [6-layer (hcc),
packing], the face-linked octahedra are populated predominantly
by ruthenium, which can be explained by the formation of Ru—Ru
bonds.

If the average formal charge of the cations in the B sublattice
of the close-packed A?*Q; layers is greater than 4, then, in
accordance with the requirement for electroneutrality, cationic
vacancies should arise. In the hexagonal analogues of perovskite
with cationic vacancies in the B sublattice, the vacancies are
located in the blocks of face-linked octahedra. If two types of
layers adjoin one another, then there are groups of three face-
linked octahedra. When a metal—metal bond cannot be formed
owing to electrostatic repulsion forces between cations with a high
formal charge, the filling of the middle octahedron is unfavourable
and it remains empty. This leads to the formation of phases having
the composition A,B,,_;0;,, where nisthenumber of close-packed
layers or (for rhombohedral symmetry) the number of layers in one-
third of a period. Examples of compounds with such structural
organisation are BasTa,O;s [(hcech) packing]***#  and
BajRe,;0q[(hch), packing]* (Fig. 8), where each octahedron
between two type-h layers remains unoccupied by the metal
atoms. Members of this homologous series with types of close
packing containing 5,9, 12, 18, and 21 layers are known, all types of
packing being trigonal and (apart from the five-layer packing) R-
centred. 4558

The stability of the chhc fragment justifies the hypothesis that
a hexagonal analogue of perovskite exists in which fragments of
the BasTa 0,5 and MZrO; structures (M = Ba, Sr) alternate in

O Ba

Figure 8. Crystal structures: (a)BasTa,0)5; (b)Bas;Re,0y.
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BasSrTasZrOsg

Figure 9. The structure of the compound Ba;SrTa,ZrOy; resulting from
the intergrowth of the BasTa 0,5 and SrZrO; fragments.
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Figure 10. The structures of compounds of the A,B,_; 0;, homologous
series resulting from the intergrowth of fragments of the CaTiO; and
La,Ti; O, structures.

an ordered fashion along the unit cell c axis (Fig. 9). The common
dimensions of the fragments in the compound BasSrTa,ZrO
[(heeech); packing] are attained as a result of the statistical
population of the A sites jointly by barium and strontium
and of the B sites jointly by tantalum and zirconium, the statistical
population of the sites by atoms of two kinds occurring at the
block boundaries. Within the BasTa, 0,5 blocks, the A sites are
occupied only by barium, while the B sites are occupied only by
tantalum.

When Ti** cations are used instead of Zr**, compounds with
structures resulting from the coherent intergrowth of the
BasTas0;5s and BaTiO; fragments are not formed since the
apgre-ciably smaller ionic radius of Ti** (0.605 A) compared with
Zr* (0.72 A) gives rise to a lack of common dimensions of the initial
structural fragments. Compounds with such structures are formed
when barium is replaced by A cations of smaller radius (La, Ca) and
when only titanium cations are located in the Bsublattice. Obstacles
associated with the lack of common dimensions of the fragments
do not arise under these conditions and several members of the
homologous series are formed —La,Ti;Oy,, Cala,Ti Oy5, and
CazLa4Ti501g.59 If the 12-layer (hcch); packing of the compound
La,Ti;0,; is regarded as a matrix, the subsequent members of the
series can be represented as a result of the incorporation in this
fragment of a c-type layer corresponding to a fragment of the
CaTiO; perovskite subcell. Structures of this series can be regarded
as resulting from intergrowth along the ¢ axis of fragments of the
La,Ti;0;, and CaTiO; packing (Fig. 10). When a single c-typelayer
is incorporated in the hech fragment of the initial 12-layer packing
of La,yTi30,,, the compound Cal.a,Ti;O,5 with a cell having a
P-type symmetry is formed, since the formation of an R-centred cell
isimpossible in the resulting hcech packing. When two c-type layers
are incorporated in the initial fragment, the next member of the
homologous series is formed — Ca,;La, TisOyg, in the structure of
which an 18-layer (hceech), packing is achieved and the symmetry
is restored to R3m. In the case of compounds belonging to this
homologous series, an additional factor ensuring the common

dimensions of the fragments of the initial types of packing is the
joint population of the A sites by lanthanum and calcium atoms.
A similar homologous series is formed when the LaFeQ,
perovskite fragment is incorporated in the La,Ti;O; matrix,
two members of this series being known—Las;FeTi;05 and
LagFe, Ti;0,5.% By using the fact that quadrupole splitting of the
Maossbauer signal for Fe(IIl) in a high-spin state depends only on
the degree of distortion of the coordination environment, which is
much greater for the octahedra located between the h and ¢ layers
owing to the presence of a cationic vacancy, it is possible to show
that the iron ions are located predominantly in the octahedral
vacancies within the perovskite blocks. Such distribution of the
cations among the B sites agrees well with the intergrowth
structures model.

Apart from the structures of compounds which are formed as
a result of an increase in the number of type LaTiO; blocks, a
series of phases with different ratios of structural blocks exist
along the La,Ti;0;, — LaTiO; section.®! The simplest example of
such phases is the oxide LagTi;O,;. The structure of this
compound can be represented as a result of the intergrowth of
2 x LayTi;Oy; + LaTiO; blocks. Formally, this structure can be
more conveniently considered as a result of the intergrowth of
higher homologues (n < 6): LayTi;Oy, + LasTi,045 (or...4545..,
in terms of the number of blocks). The results of detailed micro-
scopic studies of the phases formed along the La,Ti; O, — LaTiO,
section have been published.® The authors demonstrated
the existence of a large number of ordered polytypes—
La“Ti9033 12 x La4Ti3012 +3x LaTlO3 or 5656, La13.
.Ti;gO35 : 3 x LayTi30), + LaTiO; or ..445...; etc. However,
in practice, it is difficult to synthesise these compounds in a
pure form because of the decrease in the energy differences between
the homologues with increase in their ordinal number.

The population by B cations of the entire group of three
face-linked octahedra is possible in the presence of an addi-
tional stabilising factor such as the formation of metal —metal
bonds. Thus, in the BaRuO; structure, where the valence state
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of ruthenium permits the formation of Ru—Ru bonds, all
three adjacent octahedra are populated with formation of the
[Ru30,,] clusters.®> The Ru—Ru distance in this structure is
2.55 A

When the chhc structural fragment cannot be stabilised, the
incorporation of the cation in the middle of the three face-linked
octahedra is unfavourable as a result of the short metal—metal
distances arising under these conditions and the strong
electrostatic repulsion and leads to a change in the type of
close packing and the formation of hexagonal analogues of
perovskite with the joint population of the B sites by cations
and vacancies. Thus a trigonal primitive hccch close packing
arises in the compound BasTasO;s5. The heterovalent substitu-
tion of Ta®* by Ti** leads to the appearance of an additional
amount of B cations,* which exerts a decisive influence on the
type of close packing produced. On passing from Ba;Ta4O,5 to
Ba;gTag_g3,TixO3 solid solutions [(heeee), close packing, 0.6 <
x < 1.2], the type of close packing changes, the unit cell parameter ¢
is doubled, and the symmetry is altered from P3ml to P6;/mme.
This is accompanied by the delocalisation of the cationic vacancies
and the joint population of the cationic sites by tantalum atoms and
vacancies takes place in the che structural fragment present in the
BawTa7,04Ti1,2030 structure.

If the sum of the formal charges on the A and B cations is less
than six, the formation of anion-deficient hexagonal analogues of
perovskite having the composition ABO;_; is possible. In this
case, the formation of stable structural fragments may be
associated with the location of anionic vacancies outside the B
cations for which CN < 6.

A group of hexagonal perovskite-like oxides is known
where the appearance of anionic vacancies is induced by the
introduction of aluminium atoms into the B sublattice. The
structure of B-Ba,RAIO;s (R = Sc, In) (Fig. 11) is based on the
eight-layer (hcec), close packing.$>% The arrangement of the
scandium and aluminium atoms is entirely ordered, the B-
sites in the vertex-linked octahedra being populated by scandium
alone. The ordered population of the B sites leads to the location of
the oxygen atom on the 65 axis and the formation of a tetrahedral
environment around the aluminium atoms. The group of two face-
linked octahedra is then transformed into a group made up of two
Al O, tetrahedra linked via the vertices. The ordering of the
scandium, aluminium, and oxygen atoms leads also to a change

Figure 11. The crystal structure of f-Ba,ScAlOs .

in the coordination polyhedra around the barium atoms. One-
fourth of the barium atoms are located in an almost ideal
cubooctahedron. For another fourth of barium atoms, the
appearance and ordering of the anionic vacancies lead to the
removal of three out of the six oxygen atoms of the equatorial
environment of the barium atoms, the three remaining oxygen
atoms being displaced from the ideal positions (the Ba — O distance
is 3.345 A) and building up the coordination polyhedron of the
barium atom to a truncated trigonal bipyramid (CN = 9). For the
remaining half of the barium atoms, the displacement of the oxygen
atoms in the BaO[], layer leads to the appearance of a kind of open
polyhedron in the form of a nonagon produced after the removal
of the oxygen atoms making up the common face of the
cubooctahedra in the h layer.

The fragments of the B-Ba,RAIO; and Ba(Sr)ZrO; close
packing (type c layers) in the structures of compounds with
the genmeral composition Bas_,Sr,R; ALZr O3,
(R=Sc, In, Y, Gd-Lu) having a 10-layer close packing of
BaO;_, (hccec), layers alternating along the sixfold axis
may be regarded as intergrowth structures (Fig. 12).57 We
may note that the compounds Ba,RAIO; (R = Nd - Lu, Y)
crystallisein the monoclinic system. When the ratio of the structural
fragments corresponds to 2 x (Ba,RAlOs) + (BaZrQj3), the ideal
composition of the compounds is described by the formula
BasR,ALZrOy;. The establishment of common dimensions of
the fragments in the given instance should be facilitated by
the joint population of the B sites by zirconium and R** cations.

n=10 n=28§

n=3
—_— /
BaZrO3
- ——
0,0,z 1tz 0,0,z 1,2,z
Ba5R2A122r013 Ba;_RAlOs

Figure 12. The structure of the compounds BasR, AL ZrO,; resulting from
the intergrowth of the Ba;RAIO; and BaZrO; fragments.

The ionic radius of the R>' cations exerts a significant
influence on the stability of the compounds formed. Thus the
formation of the compounds BasR;Al,ZrO,; was not observed
for R = La — Eu. In this case, the radius of R** is too large for
the accommodation of the ion in the octahedral vacancies within
the close-packed BaO;_, layers.

The significant difference between the ionic radii of R**
(R = Gd — Lu; radii in the range 0.94—0.95 A)and Zr** (0.72 A)
gives rise to the possibility of the existence of an ordered structure.
The lanthanide cations are located in the octahedral vacancies of
the type-8-Ba,RAIO; block, whereas the Zr** cations are in the
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BaZrO; block. In contrast to the BasR,Al,ZrO,; structures
(R = Gd — Lu, Y), the structure of the Sc-containing compound
is more disordered. In this structure, Sc** and Zr** occupy jointly
the octahedral vacancies, which can be accounted for by the
similarity of their ionic radii: 0.73 and 0.72 A respectively. As
a result of the statistical distribution, the cationic composition of
the compound differs from the ideal composition and is expressed
by the formula Ba5801<33AIZZr1.67013A33 .

As in the B-Ba,ScAlOs structure, in the BasRyAlLZrO;
structures the oxygen vacancies are located in the h-type layers,
which have the composition BaO[J,. The remaining oxygen atom
in this layer occupies a double position on the 65 axis, forming a
common vertex of two Al,O5 tetrahedra. Under these conditions,
some of the barium atoms achieve the same coordination
environment as in the §-Ba,ScAlOs structure. The change in
the cationic composition following the substitution of some of
the scandium atoms by zirconium atoms leads to the appearance of
excess oxygen (compared with the ideal composition) and the
composition of the h-type layer becomes BaO, 337, 47 . The stable
tetrahedral environment of the aluminium atoms prevents the
delocalisation of the oxygen atom in the }, 3, J position and
in the case of BasSc;j3Al,Zr;¢;01333 the additional oxygen
atom occupies the 0, 0, 4 position, building up the nona-
coordination polyhedron of the barium atoms to a decagon.

A characteristic feature of the crystal structure of
BasIny,Al,ZrO,;; is the joint population of the B sites in the
che close packing fragment by indium and aluminium atoms,
which is the cause of the delocalisation of the oxygen atom in the
%, % i position. However, the compound with this structure is
apparently metastable and has been obtained only on fusion of the
specimen.

It is possible to distinguish three cases of the distribution of
the cations among the B sites, which leads to three different
types of location of the oxygen atoms in the BaOs_, layers in the
structures of the complex oxides Bas_,Sr,Ra_ Al Zr 103,42

(1) the B sites in the chc fragment are occupied only by
aluminium: the x, y, % and x, y, % layers have the composition
BaO[J; and the arrangement of the oxygen atoms and of the
anionic vacancies is fully ordered (the crystal structures of
Ba5R2Al2Zr013 N R=Gd- Lu, Y),

(2) the B sites in the chc fragment are occupied statistically by
atoms with stable octahedral and tetrahedral coordinations: the
anion-deficient layers have the composition BaO[l, and the
disposition of the oxygen atoms and the anionic vacancies is
disordered (the crystal structure of BasIn,Al,ZrO,3);

(3) following the partial substitution of the Rt cations by
Zr**, the B positions in the chc fragments are occupied only
by aluminium; the anion-deficient layers have the composition
BaO, 330, ¢7 and the arrangement of the oxygen atoms is partly
ordered (the crystal structure of BasSc; 33ALZr ¢7013.33).

In the cases examined above, the intergrowth structures
are formed when the ‘cubic” ABO; layers are incorporated in a
multilayer close-packed structure. However, there exist hexag-
onal perovskites, where structurally isolated blocks, consisting
of several ‘cubic’ and ‘hexagonal’ layers, alternate along the
¢ axis. g

The identical parameters a for the compounds Ba;Sc,0g 7
and B-Ba,ScAlO; (5.794 A) create ideal conditions for the forma-
tion of intergrowth structures. High-resolution electron micro-
scope studies indicate the formation of two homologous series
based on these compounds.73 ™ The compounds of the first series
have the composition Bas,,, §Sc4, 4AL Oy, 20 (n = 2,3, ..) (or,ina
clearer form, n x Ba3;Sc;Og + 2 x BayScyAlOy). It is easily
seen that for n=2 the formula of the compound is
Ba,;SceAL Oy (Fig. 13) and each succeeding member of the
series is formed after the incorporation of an additional
Ba;ScyOy fragment. Compounds of the second series have the
formula Bay,;3S¢,,4A1,Os,,9 (=2, 3, ..) (or Ba3Sc,O9+
n x BaySc,Al;Oy4), which is obtained following an increase in
the number of Ba,Sc; Al, O blocks in the Ba;ScgAl,O,4 structure.

n=14
n=8
NV
=2 - - - - n=9
- - _J - R
B-Ba;ScAlOs B
Ba3SC409

Ba;SceAl,019

Figure 13. The structure of the compound Ba;ScgAl, O, resulting from
the intergrowth of the p-Ba,ScAlOs and Ba;Sc, Oy fragments.

Itis noteworthy that the members of homologous series withn > 3
were hardly observed or were present in the form of irregularly
alternating sequences.

Barium ferrites form yet another group of hexagonal
perovskites with intergrowth structures.”>7 This family of
compounds is obtained on ‘by intergrowth’ of BaFe;Oj
structural blocks [M-type; P63mmc (cchec),] with BazM“FenOZZ
[Y-type: R3m (cchhee)s] or MYUFe,05 (M = Mg, Zn, Co)
(S-type: Fd3m spinel structure) in different proportions and
sequences. The so called series of compounds M,Y,, is formed
along the BaFe;,0 — BaZMIIFe12022 section. If the repeating
parts of the sequences are denoted by M and Y, the compounds
obtained have the composition M,Y,,. Ordered phases with the
ratios M:Y ranging from 2:1 to 2:11 have been obtained for
them. Phases with even more complex ratios of the fragments
have been discovered with the aid of high-resolution electron
microscopy.

Compounds in the structures of which blocks having
similar constructions and compositions alternate were described
above. Thus a single principle governing the disposition of
the cations among the crystallographic sites is maintained in all
the structures based on the close packing of AO; layers.
However, there are examples of crystal structures resulting from
the intergrowth of blocks, which have at first sight both different
compositions and constructions. Such compounds are chloro-
oxoruthenates. Their structures are made up of fragments
alternating in an ordered manner, one of which has the
composition [Ba,CLJ**, while the other is a fragment of the
close-packed BaO; layers.””~" The structure of BasRuTaOyCl,
(Fig. 14) is made up of the close-packed fragments separated by
two [BaClJ" layers, each of which is constructed in the same way as
the BaO[; layer in the compounds Bas;R, AL ZrO,3. Some of the
barium atoms have under these conditions a coordination
environment with CN < 12, where some of the oxygen atoms
have been replaced by chiorine.
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Figure 14. The crystal structure of BasRuTaOyCl, .

IV. Conclusion

The value of the prediction of the composition of new phases with
high-temperature superconducting properties has been demon-
strated in relation to complex copper oxides. New ternary copper,
mercury, and barium oxides having high transition temperatures
for superconduction have been obtained with the aid of this
principle. This is a consequence of the fact that in this instance
the CuO, layers are least distorted. The replacement of mercury
by thallium, bismuth, or lead decreases T, owing to the
distortions of the CuQ, layer under the influence of the lone
pairs of the cations of the given elements.

The formation of oxygen vacancies in coherent intergrowth
structures containing blocks of the NaCl and CaF, types together
with CuO, layers alters the type of coordination from the
octahedron to the tetragonal pyramid or a dumbbell, depending
on the electronic structures of the corresponding ions.

A series of phases, differing in the layered structure and
symmetry in the close packing, arise in compounds with
alternation of structural blocks along the threefold axis of
the perovskite structure (which is a prototype structure). In this
case, the common dimensions of the fragments are achieved by
altering the cationic composition in the A and B sublattices of the
initial structural blocks.
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