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A general review and description is given of vacancy patterns in oxygen-deficient perovskites 
A,B,03,-,. Thirteen compounds that contain unique oxygen vacancy patterns and that adopt 
structures related to  cubic closest packing are examined in detail: m = 2, x = 1, CazMnz05, 
LaSrCuGa05, LazNiz05, LaSrCuAlO5, YBaCuFe05, CazCoz05; m = 3, x = 1, 2, or 3, LaBaz- 
CuzTaOa, LaSr2FesO8, YBazCu307, LnSrzCuzGaOT, YBa2Cu306; m = 4, x = 1, Ba~La2CuzSn~Oll 
and Ca4TizFezOll. The structural similarity among the compounds is stressed by the presentation 
and examination of A03-x slices. The influence of the A and B cations on the manner in which 
successive A03-x layers are stacked is presented and discussed. 

1. Introduction 

The purpose of this review is to systematize and explore 
the similarities among oxygen-deficient perovskite struc- 
tures. There are a large number of oxygen-deficient 
perovskitesl A,B,03,-, (also A,B,03,-1),2 which encom- 
pass a surprising number of vacancy patterns. Many new 
compounds have been reported since 19863 owing to the 
discovery of high-temperature superconductivity in ox- 
ygen-deficient perovskite-related comp~unds .~- l~  Seven 
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transition-metal oxygen-deficient compounds reviewed by 
Rao' and Gopalakrishnan in 1984, C a ~ M n p 0 5 , ~ . ~ ~  Lap- 
N ~ Z O ~ . ~ . ~ '  and Ca~C0205,~  and with the recently discovered 
transition-metal compounds LaSr~Fe308,3~~and CaFep- 
Ti~O11.43 

The structural similarity among oxygen-deficient per- 
ovskites, especially those with the same general formula, 
is not obvious when the compounds are viewed as three- 
dimensional arrangements of ions or as assemblies of 
polyhedra. Nor is it  obvious why such a diverse array of 
vacancy patterns exists. To systematize oxygen-deficient 
perovskite structures and expose similarities among them, 
we reduce all oxygen-deficient perovskites to a funda- 
mental building block that can be compared, contrasted, 
and arranged in different manners to generate a variety 
of oxygen vacancy patterns and three-dimensional struc- 
tures. The fundamental block is the A03, layer. We 
show that what appear to be unrelated structures can be 
constructed from topologically related (section 3.3) AOsr 
layers by stacking the layers in different manners. To 
generate a particular three-dimensional structure, identical 
A03-, layers are stacked and B cations are placed in one- 
fourth of the octahedral ( x  = 0) interstices between the 
layers. The process yields an ...A03-xB A03,B A03  _... 
sequence perpendicular to the AO3, layers in which the 
A and 0 are approximately cubic closest packed. The 
coordination, electronic structure, and metal-oxygen bond 
lengths of the A and B cations are the primary factors that 
control the manner in which the layers stack and differ- 
ences in these parameters lead to a diverse array of vacancy 
patterns. 

In this paper we review the vacancy patterns for 
A,B,03,, oxygen-deficient perovskites. We examine six 
unique vacancy arrangements found for ApBp05 (m = 2), 
five found for A3B30sI (m = 3; x = 1.2, or 3), and two 
found for &B4011 (m = 4) compounds. Polyhedral 
representations are compared and contrasted with their 
equivalent close-packed A03-, models to better appreciate 
and understand the nature of oxygen deficiency in these 
seemingly diverse and unrelated compounds. 

2. Review of Oxygen-Deficient Perovskites 
2.1. Perovskite Structure. The perovskite structure 

can be described as a BO612 framework of corner-shared 
octahedra that contains A cations within 12-coordinate 
sites; see Figure 1. An oxygen-deficient perovskite struc- 
ture can be described as a B06/z.z/2 framework, wherein 
some of the A and B cations are less than 12- and 
6-coordinate, respectively. This particular description 
emphasizes the dimensionality, local A and B cation 
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Figure 1. Two depictions of the ideal perovskite structure. 

coordination, and overall symmetry of the compounds. 
Alternatively, the perovskite structure can be described 
as a cubic-close-packed arrangement of A03 layers between 
which one-fourth of the octahedral interstices are filled 
byBcations;seeFigure2. We propeasimilar description 
of oxygen-deficient perovskites as close-packed AB03, 
layers. Thisdescription emphasizes the ionic bonding and 
three-dimensional structural similarity of the compounds. 

2.2. Two General Formulas. Two general formulas 
will be used to categorize oxygen-deficient perovskites, 
A,B,O3,, and AnBn03n-l. The former will be used to 
emphasize structural similarity, and the latter to facilitate 
comparison of the degree of oxygen deficiency among 
compounds. Note that the percentage of vacant sites in 
the latter notation is simply 100(1/3n). The A,B,03,, 
notation provides a convenient way to describe perovskites 
that have ordered vacancies. In this notation, x is an 
integer and therefore m is an integral multiple of the 
number of perovskites blocks in the unit cell. The notation 
will be used extensively to group compounds into those 
derived from double perovskites (m = 2, A2B20k), triple 
perovskites (m = 3, A3B30+=), quadruple perovskites (m 
= 4, &B401p-~), and compounds that have larger repeats 
(m > 4). The equivalent AnBn03w-1 notation will be 
provided by each example to emphasize the degree of 
reduction. As n decreases, the number of vacancies 
increases. 

2.3. Concentration and  Arrangement of Vacancies. 
In general, ordered oxygen-deficient perovskites AnBn0sn-1 
existforn= 1 tom,thatis,ABOp.mtoAB03,m. Compounds 
that contain ordered oxygen vacancies are known for n = 
5,4,3,2,1.5, 1.33, and 1, that is, overall oxygen contents 
of 2.80, 2.75, 2.67, 2.50, 2.33, 2.25, and 2.00 for AB03+ 
Oxygenatoms are generallyremoved from [1001,or [1101, 
rows or (Ool), planes (see Figure 3), and in the case of very 
deficient structures the vacancies are removed from a row 
and a plane. Removal of oxygen atoms from [1001. rows 
results in the formation of MO5 square pyramids or M04 
square planes, removal from [llOl, rows results in the 
formation of M04 tetrahedra, and removal from (loo), 
planes results in M05 square pyramids. The compounds 
in Table I demonstrate the diversity of vacancy patterns 
and coordination polyhedra found in oxygen-deficient 
perovskites. 

2.4. PolyhedralDescriptionsof A,&,O3,,0xygen- 
Deficient Perovskite Structures. The descriptions 
emphasize the relationship to the aristotype, that is, the 
manner in which the oxygen atoms have been removed 
from stoichiometric perovskite. Some of the cells have a 
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Figure 7. The oxygen atoms are removed from every [lo03 
row in every other (001) BO412 plane. The nickel coor- 
dination polyhedra are OPOPO parallel to the c axis 
(where P is square planar). 

is 
tetragonal and has a la, X la, X 2a, cell size. The oxygen 
atoms are removed from every other (001) A0414 plane 
(see Figure 81, which contrasts with the four compounds 
above where the oxygen atoms are removed from [lOOI, 
or [1101, rows in BO412 planes. The copper and iron have 
square-pyramidal coordination. The degree of order of 
the copper and iron is in question, but it appears21s22 that 
they are ordered and form Cu04p and Fe0412 planes that 
alternate parallel to the c axis. 

CazC0205~~ (n = 2) is orthorhombic and has a Z h a ,  X 
2 h a ,  X 213, cell size. All of the cobalt atoms are reported 
to have square pyramidal coordination; see Figure 9. The 
vacancy pattern is more complex than for the other AzBzOs 
compounds. Every other (001) BO412 plane has the same 
vacancy pattern% as CazMn205, that is, when viewed along 
(220), the oxygen atoms are removed from the right, left, 
back, front, right, left, back, front of successive Coo6 
polyhedra. In the other (001) BO412 planes, the oxygen 
atoms are removed from alternate sides (left, right, left, 
right) of successive COOS polyhedra as viewed along (220). 

2.4.2. m = 3. A3B30sx oxygen-deficient compounds 
have overall oxygen contents that range from 6.00 to 9.00 
( x  = 3 to 0). Except for Ca2LaFe308,3s42 A3B30+x 
compounds have oxygen atoms completely removed from 
every third (OOl), A0414 plane. The vacancy patterns in 
all but CanLaFesOs are similar to YBaCuFeO5, in which 
all of the oxygen atoms are removed from every other 
(OOl), A0414 plane. 

The end members in the 123 Y-Ba-Cu-04p5 system, 
YBa2Cu306 and YBa2Cu307, have distinct vacancy pat- 
terns. Y B a & ~ 3 0 6 ~ ~ - ~ ~  (n = 1) is tetragonal, has a la, X 
la, X 3a, cell size, and has oxygen atoms removed from 
every third (001) A0414 plane and every third (001) B04p 
plane; see Figure 10. The coordination around copper is 
SLS SLS parallel to the c axis (where S is square pyramidal 
and L is linear). YBa2C~307~1~ (n = 1.5) is orthorhombic 
and has a la, X la, X 3a, cell. It has oxygen atoms removed 
from every third (001) A0414 plane, and has oxygen atoms 
removed from every [loo] row in every third (001) BO+ 
plane; see Figure 11. The copper coordination polyhedra 
are SPS SPS parallel to the c axis (where S is square 
pyramidal and P is square planar). 

is 
tetragonal and has a la, X la, X 3a, subcell. The structure 
of the tantalate is similar to YBazCu307 except that 
tantalum has replaced the chain copper atom and is six- 
coordinate rather than four-coordinate; see Figure 12. It 
has oxygen atoms removed from every third (001) A04/4 
plane. The CuTaCu CuTaCu coordination polyhedra 
are SOS SOS parallel to the c axis. The actual cell size is 
h a ,  X h a ,  X 6a, owing to rotations of the TaO6 
octahedraS3O 

Y B ~ C U F ~ O ~ ~ + ~ ~  (n = 2; also its cobalt 

LaBazC~2Ta08~~~O (n = 3; and ita niobium 

Figure 3. Three common oxygen defect patterns found in 
oxygen-deficient perovskites. 

h a ,  or larger expansion of two axes. The expansion of 
the cells results from displacements of oxygen atoms, order 
of oxygen vacancies, or both. Large supercells can result 
if both mechanisms are ~pe ra t iona l .~~  The notation up 
refers to the unit cell edge of cubic perovskite, which is 
typically 3.8-4.1 A. 

2.4.1. m = 2. No less than six vacancy patterns are 
known for A2B205 oxygen-deficient perovskites. The most 
common structure type is brownmillerite, which is named 
for the mineral with the composition Ca2FeA10544,45 and 
is exhibited by Ca2Fe20546147 along with many others. 

LaSrCuGa0PJ7 (n = 21, which has the brownmil- 
lerite structure, is orthorhombic and has a 4a, X h a ,  X 
h a ,  cell size; see Figure 4. It has oxygen atoms removed 
from alternate [OOlI ,  i.e., [1101,, rows in every other (100) 
BO412 plane. The rows of vacancies are staggered as viewed 
down [ 1001. The CuGaCuGaCu coordination polyhedra 
are OTOT'O parallel to the a axis (where 0 is octahedral 
and T is tetrahedral; the prime indicates a different 
orientation of the second tetrahedron relative to the first). 

The LaSrCuA10518J9 (n = 2) structure is similar to the 
brownmillerite structure; see Figure 5. LaSrCuAlO5 is 
orthorhombic and the cell size is 2a, X 2 h a ,  X h a  . As 
in LaSrCuGaO5, the oxygen atoms are removed from 
alternate [OOlI ,  Le., [110l,,rowsineveryother (100) BO412 
plane. In contrast to LaSrCuGaO5, the rows of vacancies 
are stacked above one another as viewed down [1001, which 
halves the a-axis length with respect to the gallate. The 
CuAlCuAlCu coordination polyhedra are STSTS parallel 
to the a axis (where S is square pyramidal). The copper 
is pseudo-six-coordinate, with a sixth copper-oxygen 
distance of 2.954 (8) A. 

Ca2Mn20534*35 (n = 2) and L a ~ N i 2 0 5 ~ ~ 9 ~ ~  (n = 2) have 
oxygen atoms removed from [OOlI  and [lo01 rows, 
respectively. CazMn205 is orthorhombic and the cell size 
is h a ,  X Z h a ,  X la,; see Figure 6. The oxygen atoms 
are removed from every fourth [OOlI  row in each A0414 
plane and BO412 plane, and all of the d4 manganese atoms 
have square-pyramidal coordination. As can be seen in 
Figure 6, when viewed along (120) the oxygen atoms are 
removed from the right, left, back, front, right, left, back, 
front of successive MnO6 polyhedra. The structure type 
is also known for L a 2 C ~ 2 0 5 ~ ~  and for Ba~Bi205.~~ La2- 
NizO5 is tetragonal and the cell size is la, X la, X 4a,; see 
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Table I. Oxygen-Deficient Pemvskites. 
c.n. B c.n. A B-0 polyhedra, 

AmBmOam-x cations cations cell size electron config. AOa-. pattern ref 

CarMnaOs 

LaSrCuGaOs 

LazNi205 

LaSrCuAlO5 

YBaCuFe06 

Ca2Co2Os 

YBa2Cu308 

YBazCu307 

LaBaCuZTaOs 

LnSrzCuZGa07 

LaSrzFesOa 

10,lO 

8,8 

10,lO 

8,9 

8, 12 

8-12 

8,8,8 

8,10, 10 

8,12,12 

8,8,8 

12,8,8 

12,12,12,8 

10,12.12,10 

m = 2  
a = 5.424(2) 
b = 10.230(4) 
c = 3.735(2) 
a = 16.383(1) 
b = 5.52937) 
c = 5.32756) 
(I = 7.8Eb 
c = 7.468 
n = 7.9219(6) 
b = 11.020(1) 
c = 5.4235(4) 
(I = 3.893(2) 
e = 7.751(3) 
n = 11.12(1) 
b = 10.74(1) 
c = 7.48(1) 

a = 3.87156) 
c = 11.738(2) 
a = 3.8231(1) 
b = 3.8864(4) 
e = 11.6807(2) 
a = 5.6107(2) 
c = 23.9863(4) 
a = 22.1425(9) 
b = 5.5662(2) 
e = 5.4648(2) 
a = 5.5095(1) 
b = 11.8845(5) 
c = 5.6028(1) 

m = 4  
a = 3.9ab 
c = 16.23 
a = 5.437(1) 
b = 30.22(1) 
e = 5.489(1) 

m = 3  

ssss 
d4, d4 

OTOT' 
d9, d'o 

OPOP 
d6, d8 
STST' 
d9, d'o 

ssss 
dg, d5 
ssss 
d6, d6 

SLS SLS 
da, d'o, d9 
SPS SPS 
dg, d8, d9 

sos sos 
dg, do, d9 
STS ST'S 
d9, d'o, d9 

OTO OT'O 
d5, d5, d5 

soos soos 
d9, dlo, d'o, d9 
OTOO OT'OO 
do, d5, do, d5 

A0 00 A 0  Os 
A0 00 A 0  01 

A0 00 A 0  02 
A0 00 A 0  0 2  

A0 00 A 0  0 2  

A0 00 A 0  02 

A0 0s A0 0% OA 01 
A0 0 2  A0 0 2  An 02 
A 0  00 A 0  0s OA 02 
A 0  00 A0 0 2  A 0  0% 

A 0  0% A0 00 A0 0 2  

A 0  0% A 0  02 A 0  02 A0 0 2  

A 0  00 A0 0% A0 02 A 0  01 

a 0, octahedral; S, square pyramidal; P, square planar; T, tetrahedral; L, linear. Errors not given. 

L u . L a & m  c, 

Figure 8. Structure of YBaCuFe05. The square pyramids are 
CuOs and Fe05. The larger spheres are barium and the smaller 
are yttrium. 

LnSr~Cu2Ga0 ,~~-~~  (n = 1.5; also its cobalt analogp is 
orthorhombic and has a 6ap X &ap X f i a ,  cell size. It 
has oxygen atoms removed from every third (100) A04j4 
plane,andhasoxygenatomsremovedfromaltemate [0011, 

(51) Huang, 9.; Cava, R. J.; Santoro, A.; Krajewski. J. J.; Peck. W. F. 
Physica C 1992,193. 196. 
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Figure 9. Proposed structure of CazCozOs after Vidyasagar et 
al.38 The square pyramids are COOS and the spheres are calcium. 

Le., [llOl,,rowsineverythird (100) BO+plane;seeFigure 
13. Therowsof 10011 vacancies are staggered from 
plane to GaOz/z plane, as in LaSrCuGaO5."J* The 
CuGaCu CuGaCu coordination polyhedra are STS ST'S 
parallel to the a axis. 
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c w c J , c s  

Figure 10. Structure of YBa2Cu306 after Bordet et aLZ6 The 
square pyramids are Cu05. The smallest spheres are copper, the 
intermediate spheres are yttrium, and the largest spheres are 
barium. 

c r t c r i . y .  

Figure 11. StructureofYBa2Cu3O7afterBenoetal5 Thesquare 
planes are CuO, and the square pyramids are CuOs. The smaller 
spheres are yttrium, and the larger spheres are barium. 

LaSr2Fe3083w2 (n = 3; also LaCa~Fe308~~ and CasFez- 
TiOsS3) is orthorhombic and has a 4% X 3a, X h% cell 
size. It has oxygen atoms removed from alternate [loo], 
i.e., [llO],, rows in every third (010) BO414 plane similar 
to LnSrzCu2Ga07; see Figure 14. The iron coordination 
polyhedra are OTO OTO parallel to the b axis (perpen- 
dicular to the FeO4p chains), which contrasts with LnSrr 
Cu2Ga07 in which the tetrahedra have different orien- 
tations, T and T', perpendicular to  the Ga04jz chains. 

2.4.3. m = 4. The compounds in this class have the 
formula A&Oll (n = 4). Compounds include SraSrr 
Ta201ls4 (also with barium), Ba4TazCdzO11, and Ba4Cez- 
In2011,55 Ca4Fe~Ti20ll,4~andBa~La~Cu~Sn2011?~ Thelast 

(52) Grenier, J. C.; Menil, F.; Pouchard, M.: Hagenmuller, P. Mater. 

(53) Rodriguez-Cslvsjal. J.; Vallet-Regi. M.; Gonzalez-Calbet. J. M. 

(54) Brirner, L. J.  Am. Chem. Soe. 1958,80,3214. 
(55) Jacobson, A. J.;Collins, B. M.; Fender, B. E. F. Acta Crystollogr., 

Res. Bull. 1977, 12, 79. 

Mater. Res. Bull. 1989,24, 423. 

Sect B 1976.32, 1083. 

Figure 12. Idealized structure of LaBarCulTa06 after Rey et 
aL30 The octahedra are Ta06 and the square pyramids are Cu05. 
The smaller spheres are lanthanum and the larger are barium. 

*'-a:- &? 

I >  ;:a, 
!K , 1 1 '  

Figure 13. Structure of LnSr2Cu2Ga07. The tetrahedra are 
Gaol and the square pyramids are CuOa. The smaller spheres 
are yttrium and the larger are strontium. 

two have been characterized by diffraction techniques and 
electron microscopy. Ca4FezTiz011~~ (n = 4) is ortho- 
rhombic and has a h a ,  X &, X &ap cell size. The 
structure is not shown. It has been proposed that the 
oxygen vacancy pattern is similar to that for LaCa~Fe308,5~ 
but there is one more octahedron per formula unit (see 
section 2.4.2). The compound has oxygen atoms removed 
fromaltemate [loll rows,i.e., [llO],,ineveryfourth (010) 
BO412 plane, and, assuming the iron and titanium cations 
are ordered, the TiFeTiFe TiFeTiFe coordination poly- 
hedra are OTOO OTOO parallel to the b axis. BazLar 
C u ~ S n ~ 0 ~ ~ ~ ~  (n = 4) is tetragonal, has a la, X la, X 4n, 
subcell, see Figure 15, and has a modulated structure that 
bas a periodicity of roughly h a ,  X &ap X 2&,. 
Oxygen atomsareremovedfrom one-halfofthe (001) A0414 
planes, and the CuSnSnCu CuSnSnCu coordination 
polyhedra are SOOS SOOS parallel to the c axis. The 
compound is similar to LaBa2Cu2TaO8~30 except that 
there are two comer-shared octahedral tin layers rather 
than one comer-shared octahedral tantalum layer. 
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Figure 14. Structure of LaSr2FeaOa after Battle et The 
tetrahedra are FeOl and the octahedra are FeOe. The spheres 
are lanthanum and strontium. 

Figure 15. Structure of Ba2La2CuaSnaOll. The octahedra are 
SnOe and the square pyramids are CuOs. The smaller spheres 
are lanthanum and the larger are barium. 

2.4.4. m > 4. There are many compounds that have 
more complicated vacancy patterns, most of which have 
been examined only by electron microscopy. Short-range 
order of vacancies and the presence of microdomains are 
common in m > 4 compounds. A variety of complex 
compounds will be included in sections 2.4.4-2.4.6 for 
completeness, but their vacancy patterns will not be 
examined in detail. 

The solid solution CaTi1.~,Fe2,03,~ contains a series 
of intergrowth structures, all of which have orthorhombic 
crystal symmetry when y is greater than 0.25. The 
compounds have m values close to definite compositions. 
Compounds with the formulas CaTiFeaOla (y = 0.40, n 
= 2.5), Ca7TisFerOls (y = 0.29, n = 3.5), Ca7TiFesOls (y 
= 0.43, n = 2.33). CasTizFe,& (y = 0.37, n = 2.67). and 

(56) Grenier. J.-C.; Pauchard. M.; Hagenmuller, P. Struct. Bonding 
(Berlin) 1981.47, 1. 
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CallTiFeloO2s (y = 0.45, n = 2.2) have been identified. AU 
show evidence of ordered vacancies and have intergrown 
structures that do not have a definite order of the various 
microdomains. Ca4YFe5013" (n  = 2.5) is orthorhombic 
and exhibits regular intergrowths of n = 2 and n = 3 units, 
and, as determined from electron microscopy, has an 
OOTOT OOTOT sequence of iron coordination polyhedra. 
CasTi3Fe2014~~ (y = 0.20, n = 5) has short-range order and 
is believed to have the same sequence as C~YFe5013. 

2.4.5. Complex Cuprates.s8 Ba3La&usO14+,~~ (n  = 1.5) 
is tetragonal and has a f i a ,  X &a, X 3a, cell size. The 
copper cations are found in Cu04 square planes, Cu05 
square pyramids, and CuO6 distorted octahedra. The 
compound is a well-ordered m = 3 phase. BaLa&u5- 
Ol4.a60(n=5)istetragonalandhasacellsizethatisroughly 
&a, X &ap X la,. The copper cations are found in 
Cu05 square pyramids and CuOe distorted octahedra. 
La&3r,CusOms1 (1.28 5 x 5 1.92; n = 2) is orthorhombic 
and has a f i a  X &a, X la, cell size. The copper 
cations form Cub4 square planes, cuo5 square pyramids, 
and CuOs elongated octahedra. SrsLazCusO~s~~ (n = 1) is 
tetragonal, has a 2 f i a ,  X Z f i a ,  X la, cell size, and 
contains copper cations in CuOz dumbbells, Cu04 square 
planes, and CUOs square pyramids. S r 6 L a ~ C ~ 0 1 & ~ . ~  
(n = 1.33) is tetragonal, has a 2&a X Z f i a ,  X la, cell 
size, and has the same structure as krsLazCusO16 except 
that the copper cations exist exclusively in the Cu04 square 
planes and CuO5 square pyramids. The extra oxygen in 
the latter compound converts the coordination around 
copper from linear to square planar. 

2.4.6. Calcium Manganates. CaMn03, phases that 
contain ordered microdomainsffis.66 are known for overall 
oxygen contents of 2.80, 2.75,67 2.66,2.56, and 2.50. More 
thanone structurewasobserved in high-resolutionelectron 
microscopy a t  several of the oxygen contents. The 
manganese cations are found in MnOs square pyramids 
and MnOs octahedra, except for CaMn02.m (section 2.4.1) 
in which the manganese cations are found exclusively in 
Mn05 square pyramids. 

3. AOs-, Model of Oxygen-Deficient Perovskites 

The polyhedral descriptions above do not convey 
adequately the structural similarity among the oxygen- 
deficient compounds. AOsr slicesshow the similarity and 
facilitate comparisons. The A03, slices for CazMn~Os,~* 
L ~ S ~ C U G ~ O ~ , ' ~ J ~  L a S r C ~ 4 1 0 a ' ~ J ~  L a ~ N i 2 0 5 , ~ ~ J ~  YBa- 

(57) Bando, Y.: Sekikawa, Y.; Nakamura, H.; Matsui, Y. Acta 
Crystollogr., Sect A 1981.37.723. 

(58) The vacsncy pattems are generally more complex than above 
owingta thediversityof coppercoordination. Thecoordinationof copper 
will beemphasizedand thereader interestedin thearrangementofdefects 
is directed to the individual articles. 
(59) Er-Rakho, L.; Miehel. C.; Provost, J.: Rsveau. B. J.  Solid State 

Chem. 1981.37, 151. 
(60) Miehel, C.; Er-Rskho, M.; HeNieu, M.: Pannetier, J.; Raveau, B. 

J.  Solid State Chem. 1981,627, 143. 
(61) Er-Rakho, L.: Miehel. C.; Raveau. B. J.  Solid State Chem. 1988. 

73, 514. 
(62) Fu, W. T.; Ijda, D. J. W.; Helmholdt,R. B. Moter.Res.Bull. 1992, 

27, 287. 
(63) Fu, W. T.; Xu, Q.; Verheijen, A. A,; van Ruitenbeek, J. M.; 

Zandbergen, J. W.; de Jongh, L. J. Solid State Commun. 1990,73,291. 
(64) Fu, W. T.; Mijlhoff, F. C.; Ijdo, D. J. W.; Ponec, V. Solid State 

Commun., in press. 
(65) Reller, A.; Jefferson, D. A,; Tho-. J. M.; Beyerlein. R. A,; 

Pwppelmeier, K. R. J.  Chem. Sm., Chem. Commun. 1982.1378. 
(66) Reller. A,; Jefferson, D. A,; Thomas, J. M.: Uppal, M. K. J.  Phys. 

Chem. 1983,87,913. 
(67) Chisng. C. K.; Poeppelmeier, K. R. Mater. Let t .  1991, 12, 102. 
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LaSrCuGaO, 

1 

kb 

Ca2Mn20, 

LaSrCuAIOs 

La2Ni205 

Plate I: Figure 4 (upper left): structure of LaSrCuCa06. Figure 5 (upper right): structure of LaSrCuA105. Figure 6 (lower left): 
structure of CazMnzOS. Figure 7 (lower right): proposed (idealized) structure of LazNizOs after Vidyasagar et al?' 
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Plate 11: Figure 2 (upper left,: perovskite Structure shown as cubic-close-packed AO, layers. Figure 16 (upper right): A01 slice of 
anidealstoichiometricperovskite. Figure I8 (lower left): AO?., sliceofCarMn205. Figure 19 (lower right): A03., sliceofLaSrCuCa0,. 
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Plate 111: Figure 20 (upper left): AOl., slice of LarNirOr. Figure 21 (upper right!: AO?., slice of LaSrCuAlOs. The mirror operation, 
indicated by the dotted lines. is applied to layers E ,  D. and F. Figure 22 (lower left): A03.. sliee of YBaCuFeOs. Figure 23 (lower 
right): AOs-, slice of YBa2Cu,06. 
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Plate IV: Figure24 (upper left): AO?., sliceof YBarCulO:. Figure 25 (upper right): A03 ,slice ofLaBazCu2TaOs. Figure26 (lower 
left): AO,., slice of LnSr?Cu?CaO,. The mirror operation, indicnted by the dotted lines, is applied to layers 8, D, F. H. J .  L, N, and 
P. Figure 21 (lower righi): A03.,  slice of Ba2LazCu2Sn2011. 
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(110) face of cubic perovskite structure is shown. This 
view was originally introduced by Ward and KaW8 and 
its use was promoted by Wells.69 

As is the case for stoichiometric perovskites, all oxygen- 
deficient compounds can be viewed as derived from A03-x 
layers that are stacked in an ABC ABC sequence to give 
a cubic-close-packed structure. In contrast to stoichio- 
metric perovskites, the B cations reside in six-, five-, four-, 
or two-coordinate interstices formed from a combination 
of oxygen atoms and vacancies from the layers above and 
below (6 = 3 + 3,5 = 3 + 2 0 , 4  = 20 + 20, and 2 = loo 
+ loo). For four-coordinate metal atoms (20 + 201, the 
vacancies can be cis or trans in the octahedron (trigonal 
antiprism) around the atom. If the vacancies are cis, which 
results from removal of oxygen atoms from [1101, rows, 
the metal atom has a tetrahedral coordination environ- 
ment. If the vacancies are trans, which resulta from 
removal of oxygen atoms from [1003, rows, the metal atom 
has a square planar coordination environment. 

3.2. B-Cation Patterns. Figure 17 shows the B-cation 
patterns for A2B205 (m = 21, A3B30sx (m = 31, and A4B4011 
(m = 4) oxygen-deficient perovskites. In A2B2O5 com- 
pounds, there is a six-layer repeat perpendicular to the 
A03-x layers if B’ and B” are not the same (LaSr- 
CuGa05,16J7 LaSrCuA105,18J9 and Y B a C ~ F e 0 5 ~ ~ ~ ~ 1 ,  and 
a three-layer repeat if B’ and B” are the same (Ca2- 
Mn205,34935 L a z N i ~ 0 5 , ~ ~ > ~ ’  and CazC0205~~). Note that the 
repeat refers only to the B-cation pattern and may be 
longer owing to arrangement of vacancies (as discussed 
below). In the A3B30sx compounds, there is a nine-layer 
repeat perpendicular to the layers. In the A4B4011 
compound BazLa2Cu2Sn2011,~~ there is a 12-layer repeat 
perpendicular to the layers. The views in Figure 17 
not only demonstrate the B-cation pattern, they help 
emphasize the manner in which A03-x layers stack; the 
rows of B cations parallel to (110), are staggered from one 
layer to the next. 

3.3. Choice of AOa-, Slices. It is not in general true 
that one unique (1111, slice exists for every oxygen- 
deficient compound. For example, in the case of La&- 
CuzGa07, both the 602 and 620 planes correspond to {lll} 
planes in cubic perovskite; however, there are two distinct 
620 planes that must be stacked alternately to generate 
the structure, whereas there is one unique 602 plane, which 
can be stacked (after a mirror operation) to generate the 
three-dimensional structure. For this review, one unique 
slice plane has been chosen for each compound such that 
it can be stacked to generate the three-dimensional 
compound. 

3.4. A03-x Description of A,B,03,, Perovskite 
Structures. Some of the compounds have long stacking 
sequences owing to A-cation, B-cation, and oxygen vacancy 
order. If small topological  transformation^^^ and oxygen 
vacancies are ignored, the compounds are cubic-closest- 
packed and would have an ABC sequence if A‘ and A” 
were the same and B’ and B” were the same. As stated 
by Andersson and Hyde,7O “a topological transformation 
involves a (continuous) nonrigid motion that changes one 
figure into another so that each point in the first has a 
corresponding point in the second. No points (atoms) are 

ABO, A2B205 
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Figure 17. The B-cation arrangement perpendicular to the A03 
layers. The (110), plane is in the plane of the paper. 

C ~ F e 0 5 , ~ ~ ~ ~  Y B a z C ~ 3 0 6 , ~ ~ - ~ ~  YBa2Cu307,415 LnSrzCu2- 
(3a07,31,32 L&a2CUzTaOs,2“30 and Ba2La2Cu2Sn2011~~ are 
displayed, described, and discussed, in addition the slices 
for CazC0205,~~ LaSr2Fe308?s42 and Ca4Ti2Fe~011~~ are 
described and discussed. For each compound, the slice 
plane shown corresponds to the (111) plane in cubic 
perovskite. All slices have been rotated so that the 
sequence of rows is ... A 0  0 2  A 0  0 2  A 0  ... from bottom to 
top of the figure (see Figure 16), for example. The view 
direction is indicated by an arrow. In some of the figures, 
the direction of the arrow must be rotated by the amount 
shown. After the arrow has been rotated it is parallel to 
the view direction. The B cations are also shown and lie 
above triangles formed by three oxygen atoms (or a 
combination of oxygen atoms and oxygen vacancies) from 
the A03-x slice below. 

3.1. Description of A03-x Slices and Construction 
of Structures. A 111 slice of the perovskite structure is 
shown in Figure 16. Each A cation is surrounded by six 
oxygen atoms in a hexagonal net. The B cations reside 
above each slice in trigonal antiprisms (octahedral holes) 
formed by three oxygen atoms from the layer (slice) below 
and three from the layer above (not shown). The 
arrangement of oxygen atoms around the B cations is 
designated 3 + 3, where the first number refers to the 
oxygen atoms from the layer below and the second to the 
oxygen atoms from the layer above. Figure 16 shows one 
A03 layer and indicates how identical layers are stacked; 
to form the three-dimensional solid, three layers identical 
to that shown in Figure 16 are stacked such that triangle 
B is directly above triangle A as viewed down (111) 
(perpendicular to the page) and forms a trigonal antiprism, 
and triangle C is above triangle B and forms a trigonal 
antiprism. Successive layers are stacked in the sequence 
ABC ABC to form a cubic-close-packed lattice. Note that 
A, B, C ,  and so on refer to layer types, and A and B refer 
to cations. The A03 B A03 B A03 stacking sequence 
(perpendicular to the view just described) is illustrated in 
Figure 2. An elevation of the perovskite structure is shown 
in the upper left corner of Figure 17. The view direction 
is identical to that in Figure 2. The close-packed layers 
are labeled A, B, and C, and the B-cation pattern on the 

(68) Katz, L.; Ward, R. Inorg. Chem. 1964, 3, 205-211. 
(69) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Oxford: 

(70) Hyde, B. G.; Andersson, S. In Inorganic Crystal Structures; 
New York, 1984. 

Wiley: New York, 1989; Chapter 9. 
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lost or generated in the transformation, although distances 
and orientation change (not by very much in the cases of 
interest to US)," The parentheses are theirs and not ours. 
For our use, we will imagine that each atom of a slice is 
connected to all of ita nearest neighbors. If two slices are 
topologically related, as is the case in several instances, no 
connections need be broken to transform the arrangement 
(positions) of the ions and vacancies in one slice to that 
in the other. 

3.4.1. m = 2. Of the six structure types analyzed, four 
have one-half of their oxygen atoms removed from every 
other 02 row in the slice, denoted 00 or 00 
depending on the orientation of the oxygen atom and 
oxygen vacancy, one has one-half removed from every other 
A 0  row, denoted A0 or oA depending on the orientation 
of the A cation and oxygen vacancy, and one is more 
complex. Of the first four, two have vacancies that form 
lines perpendicular to the A 0  rows, and two have vacancies 
that zig-zag perpendicular to the A0  rows. The presen- 
tation will thus be broken into four sections. 

Ca&fn20534*35 (Figure 18) and L ~ S ~ C U G ~ O ~ ~ ~ J ~  (Figure 
19): In stark contrast to the polyhedral representations 
of CazMn205 and LaSrCuGa05, which are distinctly 
different (see Figures 4 and 6), their slices are 
topologically related.70 In each slice, one-half of the oxygen 
atoms are removed from every other 0 2  row and the rows 
of vacancies zig-zag from the bottom to the top of the 
figure (perpendicular to the A 0  rows). Note that in Table 
I the interchange of the oxygen atom and oxygen vacancy 
position from row to row is shown as 00 and 00. The 
slices have exactly the same sequence of ions and vacancies 
in each row and are constructed from exactly the same 
sequence of rows (shown at  the left hand side of each 
figure). The essential difference in the two structures is 
the manner in which successive A03-x layers (slices) are 
stacked. In the manganese compound, the layers stack 
such that each d4 Mn3+ has five oxygen atoms and one 
vacancy around it ( 2 0  + 3 and 3 + 20). This produces 
a six-layer sequence. In the copper gallate, the layers stack 
such that each copper has six oxygen atoms around it (3 
+ 3), and each gallium has four oxygen atoms and two 
vacancies around it (20  + 20). Although the arrangement 
of the B cations produces a six-layer sequence, the position 
of the vacancies from layer to layer produces a 12-layer 
repeat overall. The vacancies are cis in the octahedron 
that results from the 020 Ga 020 stacking parallel to 
( lll)c. Note that the gallium atoms are displaced away 
from the vacancies and are in pseudotetrahedral coordi- 
nation. 

La,&i20536j37 (Figure 20) and L a S r C ~ A 1 0 5 ~ ~ * ' ~  (Figure 
21): As in the compounds above, the slices are topologically 
related. In each slice, one-half of the oxygen atoms are 
removed from every other 0 2  row and the rows of vacancies 
form a line perpendicular to the A 0  rows. In both 
compounds one-half of the B cations are (pseudo)-six- 
coordinate (3 + 3I7l and one-half are four-coordinate (20 
+ 20), but, in the aluminum compound, the aluminum is 
in (roughly) tetrahedral coordination, and, in the nickel 
compound, the nickel is in square planar coordination. 
The essential difference between the structures is the 
manner in which the layers are stacked. In the nickel 
compound, the vacancies are trans in the octahedron that 
results from the 0 2 0  Ni 0 2 0  stacking parallel to ( l l l ) c ,  

Reviews 

(71) One of the apical copper-oxygen distances in the aluminate is 
2.954 (8) A. The coordination around copper is actually square pyramidal. 

and in the aluminum compound, the vacancies are cis in 
the octahedron that results from the 020 Al 020 stacking 
parallel to (lll)c. Note that the aluminum atoms are 
displaced away from the vacancies. Each compound has 
a six-layer repeat. Successive layers in the aluminum 
compound are generated by a mirror operation. The mirror 
plane is perpendicular to the line of vacancies. Before 
triangle B is stacked above triangle A a mirror operation 
must be performed on it. The operation prior to stacking 
B on top of A results in the cis orientation of the vacancies, 
rather than the trans arrangement that would occur if B 
were stacked on A without the mirror operation. The 
operation is applied to layers B, D, and F. 

Y B ~ C U F ~ O $ @ ~ ~  (Figure 22): In contrast to the A2B205 
compounds above, all of the oxygen atoms are removed 
from every other A 0  row rather than half from every 0 2  

row. Similar to LaSrCuAlOs and LazNi205, the rows of 
vacancies form a line perpendicular to the A 0  rows. Each 
copper and iron are five coordinate (20 + 3 and 3 + 20). 
There is a six-layer stacking sequence. The stacking of 
successive layers follows the same pattern as in LazNi205. 

C a ~ C o 2 0 5 ~  (not shown): The vacancy pattern in each 
slice is complex and has a repeat of A0  00 A 0  01,500.5 
An 01.500.5 A0  02 A 0  02 A00.500.5 0 2  AO. The slices 
stack such that each d6 cobalt has five oxygen atoms around 
it ( 2 0  + 3 and 3 + 20).  Because the structure was inferred 
from electron diffraction data and lattice constants 
determined by powder X-ray diffraction, it is in question. 
The slice will not be shown here. There is a possibility 
that the cobalt is six and four coordinate rather than all 
five-coordinate. 

3.4.2. m = 3. Y B ~ ~ C U ~ O P - ~ ~  (Figure 231, YBa~Cu307~5 
(Figure 241, and L a B a & u ~ T a 0 8 ~ - ~ ~  (Figure 25): In the 
slices of all three compounds, all of the oxygen atoms are 
removed from every third A 0  row and the vacancies zig- 
zag perpendicular to the A 0  rows. Each compound has 
a nine-layer stacking sequence. The layers stack in the 
same manner as for LazNi205 and YBaCuFeOs, although 
the sequence is longer (nine versus six layers). In YBa2- 
Cu306, all of the oxygen atoms are also removed from every 
third 02 row, and the layers stack such that the copper 
atoms in the Cu0412 planes (see Figure 10) are five- 
coordinate (3 + 2 0  and 2 0  + 3), and the dumbbell copper 
atoms are two-coordinate (loo + loo) in the interleaved 
cuo4/2 plane. In YBa~Cu307, one-half of the oxygen atoms 
are removed from every third 02 row and the vacancies 
zig-zag perpendicular to the A 0  rows. The layers stack 
such that the in-plane copper atoms are five-coordinate 
(3 + 20 and 20 + 3) and the chain copper atoms are four- 
coordinate (20 + 20). The vacancies are trans in the 020 
Cu 020 sequence. In BazLaCuzTaOs, the oxygen atoms 
are removed only from every third A 0  row, and the slices 
stack such that the copper atoms are five-coordinate (3 + 
20 and 20 + 3) and the tantalum atoms are six-coordinate 
(3 + 3). 

L n S r & ~ 2 G a 0 9 ' * ~ ~  (Figure 26) and YBazCu307 (Figure 
24): LnSrzCu2Ga0, is topologically related to YBa2Cu307. 
In both compounds all of the oxygen atoms are removed 
from every third A0  row, one-half of the oxygen atoms are 
removed from every third 0 2  row, the vacancies from the 
A 0  rows zig-zag from row to row as do those from the 0 2  
rows, and the slices stack such that the copper atoms are 
five-coordinate (3 + 20 and 20 + 3) and the gallium or 
copper atoms are four-coordinate (20  + 20). The dif- 
ference between the structures is the manner in which the 
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layers are stacked. In LnSrzCu2Ga07, similar to LaSr- 
CuA105 (see Figure 21), a mirror operation is performed 
on every other slice before it is stacked, that is, on layers 
B,  D, F, H ,  J ,  L ,  N ,  and P. The effect of the mirror 
operation is to make the vacancies cis in the 020 Ga 020 
sequence. If the mirror operation were not performed, 
the vacancies would be trans as they are in the 020 Cu 
020 sequence in YBazCu307. Owing to order of B cations 
and oxygen vacancies, the stacking sequence for LnSr2- 
CuzGa07 has an 18-layer repeat; see Figure 26. 

LaSrzFe30a3*42 (not shown): The oxygen atoms and 
iron forms are disordered in such a way that there is not 
one unique slice that can be stacked to generate the 
structure. In contrast to the other A3B30sx compounds, 
all of the oxygen atoms are removed from every third 02 
row rather than from every third A 0  row. The layers 
stack such that two out of three iron atoms are six- 
coordinate (3 + 3) and the one out of three is four- 
coordinate (20 + 20). The vacancies form a line per- 
pendicular to the A 0  rows and are cis in each 020 Fe 020 
sequence. There is an 9-layer stacking sequence. 

4.4.3. m = 4. B a & a ~ C u 2 S n 2 0 ~ ~ ~ ~  (Figure 27): All of 
the oxygen atoms from every fourth A 0  row are removed, 
and the vacancies in the An rows form a line perpendicular 
to the A0  rows, which is similar to LaBa~CuzTaO8 where 
the oxygen atoms in every third A 0  row are removed. The 
copper atoms are five-coordinate (3 + 20 and 20 + 3) and 
the tin atoms are six-coordinate (3 + 3). The stacking 
sequence follows the same pattern as La2Ni205, YBa- 
CuFeO5, YBazCu306, YBazCu307, and LaBazCu~TaO8 but 
has a longer repeat (12 versus 6 and 9 layers). 

Ca4TizFe2011~~ (not shown): The structural features 
have been investigated only with X-ray diffraction (to 
determine lattice constants) and electron d i f f r a~ t ion .~~  
Owing to the lack of a complete structure determination, 
a slice is not presented here. On the basis of the vacancy 
pattern proposed from electron diffraction (section 2.4.31, 
all of the oxygen atoms are removed from every fourth 02 
row, which is similar to LaSrzFe303 where oxygen atoms 
are removed from every third 02 row. The slices stack 
such that the titanium and one-half of the iron atoms are 
six-coordinate (3 + 3) and the other half of iron atoms are 
four-coordinate (20 + 20). The vacancies form a line 
perpendicular to the A 0  rows are cis in each 020 Fe 0 2 0  
sequence. There is a 12-layer stacking sequence. 
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also energetically similar. The energetics of these com- 
pounds have not been explored based on an A03-x model, 
but this would be useful and informative. 

The pairs of compounds 1-3,l-4,2-3, and 2-4, where 
CazMn205 is 1, LaSrCuGaO5 is 2, LazNi205 is 3, LaSr- 
CuA105 is 4, have slices that are closely but not topolog- 
ically related. In all of the compounds one oxygen atom 
fully occupies one of two sites in an 00 row and the other 
site is vacant; see Table I. The rows that make up the 
slices are identical in pairs 1-3, 1-4,2-3, and 2-4 except 
that from one compound to the next the positions of the 
oxygen atoms and the vacancies within an 00 row have 
been interchanged. For example, in LaSrCuAlOs (4) the 
sequence in the 00 rows is 000000 whereas in LaSr- 
CuGaO5 (2) the sequence is 000000 in half of the 00 
rows, but is 000000 in the other half (denoted 001, 
that is, the position of the oxygen atoms and vacancies 
have been interchanged in half of the 00 rows in gallate 
(2) relative to the aluminate (4). The relationships among 
the other pairs are analogous and are explored in detail 
in the next section. 

4.1 -1. m = 2. Ca~Mn205,3~*~~ LaSrCuGa05,16J7 Laz- 
Ni206,36,37 and LaSrCuA10518J9 appear dissimilar in overall 
structure, B-cation coordination numbers (5 ,5 ;  6,4; 6,4; 
5,4),  and A-cation coordination numbers (10,lO; 8,8; 10, 
10; 8,9), but their A03-z slices all have an A0  00 A 0  0 2  
A 0  [On] A 0  02 pattern; see Table I. In this notation, 
[On] denotes that the arrangement is either 00 (Laz- 
Ni205, LaSrCuAlOb) or 00 (CazMnz05, LaSrCuGaOb). The 
slices for the CazMn205 and LaSrCuGaOs are topologically 
related, as are the slices for LazNi205 and LaSrCuAlO5. 
This relationship means they are made up an identical 
sequence of rows; see Table I. As described above, the 
manganate and the gallate are related to the nickelate 
and the gallate by an interchange of oxygen atom and 
oxygen vacancy positions in 00 rows. The similarity of 
the A03-x slices emphasizes the structural similarity of 
the compounds, as shown in sections 4.4.1. YBaCu- 
Fe052+24 (5, 5; 8, 12) differs from the others previously 
described in that the oxygen atoms are removed from an 
A 0  row, A 0  0 2  A 0  0 2 ,  rather than an 0 2  row. 

4.1.2. m = 3,4. The m = 3 compounds show remarkable 
similarity also; see Table I. YBa~Cu307~'~ (5, 5, 4; 8, 10, 
10) and L n S r 2 C u ~ G a 0 7 ~ l ~ ~ ~  (5, 5, 4; 8, 8, 8) have oxygen 
atoms removed in a different manner, along [lOOI, versus 
along [1101,, yet both have an A 0  00 A0 0 2  OA 02 A0 
00 A 0  0 2  A0 0 2  sequence and their A03-x slices are 
topologically related. The sequence for YBa~Cu306~"~~  
(5,5,2; 8,8,8) differs from that for YBazCu307 and LnSr2- 
Cu2Ga07 only in replacement of 00 with 0 2 ,  that is, A 0  
( 0 2 )  A 0  0 2  OA 02 A0 ( 0 2 )  A0 02A0 0 2 ,  where parentheses 
indicate a replacement of one row with another rather 
than the interchange of ionic position, which is indicated 
by square brackets. LaBa~Cu2TaO8~"~~ (5,5,6; 8,12,12) 
replaces 00 in YBazCu307 and LnSrzCuzGaO7 with 02 to 
form its AO3-x pattern, A0  (02) A0 0 2  OA 02 A 0  ( 0 2 )  A 0  
02 An 0 2 .  The defect pattern in L a S r ~ F e 3 0 8 ~ ~ ~ ~  (6,6,4; 
12,10,10) is also comparable to the above; the A0 in the 
sequence for YBazCu307 and LnSrzCuzGa07 has been 
replaced by A 0  to yield an A 0  00 A 0  0 2  (AO) 02 sequence. 
The m = 4 compound Ba2La2Cu2Sn2011~~ (5, 5, 6, 6; 12, 

4. Discussion 

4.1. Structural Similarity among Oxygen-Defi- 
cient Perovskites: ABOS-, Slices. In oxygen-deficient 
perovskites with the same general formula and structure 
type, the similarity of the arrangement of ions is not always 
obvious; however, compounds that are dissimilar in 
coordination polyhedra, A-cation coordination numbers, 
and B-cation coordination numbers do indeed have 
structural similarity because, as presented above, they are 
formed from topologically or otherwise related (see below) 
A03-x layers; see Table I. Metal oxides are quite ionic; 
therefore, their stability is dictated primarily by electro- 
static interactions between ions.72 The analogous ar- 
rangement of ions in the A03-x slices indicates that these 
ionic compounds are not only structurally similar but are 

(72) See, for example: Rao, C. N. R.; Gopalkrishnan, J. In New 
Directions in Solid State Chemistry; Cambridge University Press: New 
York, 1989; pp 4-10. 

(73) Dowty, E. A T O M S  A Computer Program for Displaying Atomic 
Structures, ZEM-PC Version 2.1; Kingsport, TN, 1991. For more 
information, write to Eric Dowty, 512 Hidden Valley Road, Kingsport, 
TN 37663. 
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12,12,8) is related to LaBa2CuzTaO8. The sequence differs 
by the insertion of A 0  0 2 ,  which reflects the presence of 
an additional AB03 unit. The sequence is A 0  0 2  (A0 02) 
A 0  0 2  AO 02. 

4.2. B-Cation Influence on A O S - ~  Stacking Se- 
quence. Although the cohesive energy of a metal oxide 
is dominated by spatially isotropic electrostatic interac- 
t i o n ~ , ~ ~  the arrangement of the vacancies within a slice 
and from slice to slice is largely controlled by spatially 
anisotropic (directional) covalent interactions of the B 
and 0 ions. The sizes, electronic configurations, and 
coordination preferences of the B cations control the 
arrangement of vacancies around each B cation and, along 
with A-cation size and coordination preferences coordi- 
nation preferences, control the manner in which AOaTx 
layers stack. The physical and chemical differences in A 
and B cations from compound to compound account for 
the variety of known vacancy patterns. 
4.2.1. m = 2. Ca&ln20534135 and LaSrC~Ga05:'~J~The 

structural differences between CazMn205 and LaSr- 
CuGaO5 demonstrate the influence that electronic con- 
figurations and coordination preferences of the B cations 
(5,5 versus 6,4) have on the manner in which topologically 
related slices stack. In CazMn205, the manganese cations 
are all d4 Mn3+ and prefer five-coordinate square pyramidal 
sites (3 + 20 and 20 + 3) rather than six-coordinate and 
four-coordinate sites (3 + 3 and 20 + 20) as in LaSr- 
CuGaO5. The slices stack such that the manganese cations 
are five-coordinate. In LaSrCuGaO5, the copper cations 
are d9 Cu2+, which can adopt six-, five- or four-coordination, 
and gallium cations are d1O Ga3+, which prefer small, 
spherical pseudotetrahedral sites. There are many ex- 
amples of copper(I1) in square-pyramidal or square-planar 
coordination, but in this case the coordination preference 
of the smaller gallium ions cause the defects to cluster 
around them (20 + 201, and the copper ions remain six- 
coordinate (3 + 3). The slices stack such that the copper 
cations are six-coordinate and gallium cations are four- 
coordinate. 

La,&i20536137 and LaSrCuA1O5:l8Jg The structural dif- 
ferences between LazNisOj and LaSrCuAlOb illustrate the 
effect that electronic configurations of the B cations have 
on that manner in which the slices stack. The AOs-, slices 
are topologically related (section 3.4.1), yet the environ- 
ments around the B cations are different. In LazNi205, 
the nickel cations are d8Ni2+. The cations adopt elongated 
octahedral (3 + 3) and square planar coordination (20 + 
20). In LaSrCuAlOs, the copper cations are d9 Cu2+ and 
the aluminum cations are dl0 AP+. Similar to the gallium 
cations in LaSrCuGaO5, the small spherical (closed-valence 
shell) aluminum cations cause the defects to cluster around 
them. The aluminum cations adopt (pseudo) tetrahedral 
coordination (20 + 20) and the copper cations adopt 
elongated octahedral coordination (3 + 3). LaSrCuAlOs 
and LazNipO5 differ in that the vacancies are trans in the 
NiO402 octahedron, which give rise to a square planar 
environment, and are cis in the A10402 octahedron, which 
give rise to a tetrahedral environment. The difference in 
coordination geometry and stacking sequence is caused 
by the difference in electronic configuration of the Ni2+ 
and the AP+ ion, d8 versus dlO. 

LaSrC~Ca05 , '~ , '~  La,&iz05,36,37 and L ~ S ~ C U A ~ O ~ : ~ ~ J ~  
The differences in stacking sequences for these three 
A2B205 compounds, which have (pseudo)-six-coordinate 
(3 + 3) and four-coordinate ions (20 + 20), also exemplify 
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the effect that different electronic configurations of the 
B cations have on the stacking sequence. LazNiz05 
contains d8 Ni2+, LaSrCuGaOs contains d9 Cu2+ and dl0 
Ga3+, and LaSrCuAlOs contains d9 Cu2+ and d1O AP+. The 
difference in coordination preference of da versus dl0 ions 
explains the difference between the first and the last two, 
as discussed previously. The difference between the gallate 
and aluminate is one of the size of the M3+ ions. The 
aluminum ions are smaller therfore more charge dense 
than the gallium ions, and each attracts one of the apical 
oxygen atoms around each copper ion and deprives the 
copper ion of its sixth near-neighbor oxygen atom. The 
larger size of the gallium ions allows the sixth oxygen atom 
to complete the elongated octahedron around each copper 
cation. The size difference is probably responsible for the 
different stacking sequence as well. 
4.2.2. m = 3 and 4. The differences in the stacking 

sequences of A3B30sx and A4B4011 further attest to the 
dominant role the B-cation electronic configuration has 
in the determination of the sequence. The m = 3 and 4 
cuprates are either more oxygen deficient ( n  is less) or 
contain larger B" ions compared to the m = 2 compounds. 
The result is that copper is five-coordinate in these 
examples. All contain copper-oxygen double layers in 
which Cu05 square pyramids share vacancies and form 
CuO5-O-CuO5 units (3 + 20 and 20 + 3 stacking) 
perpendicular to the copper-oxygen layers. The presence 
of such units as well as the electronic configuration of the 
B" ion control the stacking sequences. YBa~Cu30,~l~ and 
LaSrzC~2Ga07~ls~~ have similar slices, see section 
4.4.2, and both have five-coordinate copper, but d8 Cu3+ 
is square planar (20 + 20) whereas dl0 Ga3+ is pseudo- 
tetrahedral (20 + 20). As discussed above, the electronic 
differences of the B" cations cause the defects to be trans 
in the Cu3+ case and cis in the Ga3+ case, which gives rise 
to different stacking sequences. The stacking sequences 
for Y B a 2 C u 3 0 ~ ~ ~ ~ ~  and Y B ~ ~ C U ~ T ~ O ~ ~ ~ ~ ~  are the same as 
for YBazC~307~9~ (section 3.4.2) and indicate the influence 
of the five-coordinate d9 Cu2+ as well as two-coordinate 
dl0 Cul+ (loo + loo) and six-coordinate dOTa5+ (3 + 3). 

The stacking sequence in LaSr2Fe3083*42 reflects the 
preference of iron for two six-coordinate and one four- 
coordinate (3 + 3, 3 + 3, and 20 + 20) d5 Fe3+ ion per 
formula unit rather than two five-coordinate and one six- 
coordinate ion (3 + 20,20 + 3, and 3 + 3) as in the LaBa2- 
CuzTa08. The stacking sequence in Ba2La2Cu2Sn2011~~ 
indicates the strong octahedral coordination preference 
(3 + 3) of the large dl0 Sn4+ ion and the preference for two 
copper atoms to share a vacancy (3 + 20 and 20 + 3) 
rather than have six- and four-coordinate copper ions (3 
+ 3 and 20 + 20). 

4.3. A-Cation Influence on AOs-, Stacking Se- 
quence. This size and coordination preferences of the A 
cations can also influence the stacking sequence. In 
compounds that contain vacancies in some but not all A0414 
layers, the A-cation sites have different coordination 
numbers and environments. For example, Ca2Mn2- 
0534335and YBac~Fe05~ ' ) -~~  have B cations that are ex- 
clusively five-coordinate, but there is a large size difference 
between yttrium (1.16 A) and barium (1.51 A) and no size 
difference between the calcium atoms (1.34 A). The 
different stacking sequence between the first two can be 
attributed to the coordination environment needs of the 
A sites (10, 10 versus 8, 12). The layers in 
YBaCuFeO5 are stacked such that the A-cation sites are 
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slice that can be stacked to generate the structure. In this 
case, the slices needed to generate the structure have to 
be identified and stacked properly. Through analysis of 
A03-x slices, one should be able to predict and understand 
structures that contain new vacancy patterns. Three- 
dimensional structures, especially those that contain two- 
dimensional features such as the high-temperature cuprate 
superconductors, should be analyzed along several crys- 
tallographic directions. Akin to the similarities seen in 
the structures of oxygen-deficient perovskites, similarities 
in bonding, physical properties, and other phenomena 
important in condensed matter physics may be evident 
when two-dimensional solid-state materials are viewed in 
directions other than parallel and perpendicular to the 
direction of greatest anisotropy. 

12- and 8-coordinate. The sites are occupied by barium 
and yttrium respectively. The A03-x layers in CazMn205 
are stacked such that the A-cation sites are 10-coordinate, 
and the sites are occupied by calcium. YBa~Cu307,4?~ 
LaBazC~2Ta08,~"~~ and La2Ba2CuzSn2011~~ also contain 
A04/4 vacancies, A-cation coordination differences (8,10, 
10; 8, 12, 12; 8, 12, 12, 12), and ordered A-cations. The 
layers stack such that the different coordination prefer- 
ences of the A cations are met. 

5. Conclusions 

layers, the 
structural and energetic similarities of oxygen-deficient 
perovskites are evident. Compounds that contain cations 
with different A- and B-cation coordination numbers are 
formed from A03-x layers that are topologically related or 
that are related by interchange of an oxygen atom and an 
oxygen vacancy. The sizes and electronic configurations 
of the B cations in addition to the sizes and coordination 
preferences of the A cations influence the manner in which 
A03-z layers are stacked. More complex structures are 
amenable to A03-x analysis but may not have one unique 

When viewed as cubic-closed-packed 
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