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A new oxygen-deficient perovskite, LaSrCuAlQ;s, has been prepared. The compound crystallizes in
the orthorhombic crystal system with the space group Pbcm. The unit cell dimensions (Z = 4) are a
= 7.9219(6), b = 11.020(1), and ¢ = 5.4235(4) A. The compound is a layered copper oxide with a
structure related to that of the mineral brownmillerite. Important structural features include buckled
copper oxygen planes and nonmagnetic, insulating aluminum-oxygen chains that alternate with the
copper oxygen planes along the 7.9-A axis. Resistivity measurements show that LaSrCuAlQ; is a
semiconductor (pynx = 0.065 ) cm) and magnetic susceptibility measurements demonstrate that the

compound is paramagnetic down to 4 K.

Introduction

The oxygen-deficient perovskite-related
compounds, La,_ Sr.Cu0O,_,,,,;, (0 =x =
1.33) (1), La,_,Sr;,CuyO¢_,1p45 (0 = x =
0.14) (2) and La,_,Sr,Cu,05_; (0.32 = x
= 0.48) (3, 4) have been studied exten-
sively over the last several years. Interest
in these compounds has stemmed from
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their structural and redox chemistry, with
more recent investigations concentrating
on the property of superconductivity found
in La,_ Sr,Cu0,_,, ., (5). Several studies
involving the introduction of a fourth cat-
ion, either a transition metal or a large
electropositive cation, have been carried
out (6—13). These substitutional studies
have the immediate goal of modifying the
properties of the parent compound. In con-
trast we have found that in the case of
aluminum the new oxygen-deficient perov-
skite-related LaSrCuAlO; can be prepared.
This paper describes the preparation, sin-
gle crystal X-ray structure determination,
and electron diffraction-HRTEM study of
this compound.
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0.086 mm.

Experimental

Sample Preparation

Crystal growth. Single crystals of LaSr
CuAlOg were grown from an copper oxide
flux. Lanthanum oxide (99.999%, Aldrich),

strontium carbonate (99.999%, Aldrich),
and cupric oxide (99.999%, Aldrich) in the

molar ratio 1:2:8 (La: Sr: Cu) were mixed

22214 1auU¥ A% AlIARRL

thoroughly and placed in an alumma boat
(Coors). This mixture was heated in air in a
tube furnace at 1000°C for 24 hr, cooled to
930°C at 1°C/hr, and finally cooled to room

tammnaratiire {ca SN°C /hrYy Tenlation of tha
WCIIPpOTaure ({Cda. Jv Liall). 158C1adiil O uid

crystals from the solid flux required that the
boat and its contents be broken into smaller
pieces. The LaSrCuAlQOjs crystals grew as
black plates (Fig. 1). The crystals were al-
ways found as a minor comipoicnt when
the alumina boat was used as the source of
alumina. The greater luster of the CuO could
be used to distinguish the LaSrCuAlOs crys-

tals from the CuO matrix. The major prod-
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ucts were CuO and SrCu,0;. The introduc-
tion of Al,O; directly into the melt
(La:Sr:Cu: Al molar ratios of 1:1:1:1,
1:2:4:1, 1:2:8:1, and 1:2:10:1) pro-
duced, in addition to CuO and SrCu,0;, the
spinel phase SrAlL,O,. The stability range of
SrALO, in the La-Sr—Cu-Al-O system is
presently under study.
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graphlc data are summarized in Table 1. le-
fraction studies were performed on an En-
raf-Nonius CAD4 diffractometer with
MoK radiation (A = 0.71069 A). Lattice

naramatare initially agtahlichad hy Aagnilla
paraifiCCrs, iiluaay o5taciisned oY OsCina-

tion and zero-level Weissenberg photo-
graphs, were verified by a least-squares
technique applied to the setting angle of 25
reflections. Systematic absences of the
type: Okl: &k = 2n + 1and A0l: 1 = 2n + 1
indicated the orthorhombic space groups:
Pbc2, (No. 29) and Pbcm (No. 57). The lat-
ter was shown to be correct on the basis of
the successful structure solution and re-

studies

SeeelecCS .
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TABLE 1
SUMMARY OF CRYSTALLOGRAPHIC DATA

Formula
Molecular weight
Crystal size (mm)
Crystal system
Space group
Lattice parameters (A)
a
b

c
Volume (A%)

VA

Calculated density (g/cm?)
u#(MoKa) (cm™!)
Radiation

Temperature (°C)
Scan type

26 range (°)

No. of unique data

No. of unique data with I > 3a¢(I)

No. of parameters
R

Ry,
Goodness of fit

Largest peak in final difference map

LaSrCuAlQ;
397.05

0.2 x 0.2 x 0.08
orthorhombic
Pbcm (No. 57)

7.9219(6)
11.020(1)
5.4235(4)
473.5(1)
4
5.57
352.96
graphite-monochromated MoKa
( = 0.71069 &)
—-20.0
26/8
4—-60
864
651
56
0.029
0.043
1.02
1.66

finement. The intensities of three standard
reflections were measured every 3 hr of X-
ray exposure and showed no significant vari-
ations. Data were corrected for Lorentz and
polarization effects and empirical absorp-
tion corrections, obtained from psi scans
of seven Bragg reflections, were applied.
Subsequently, data were further corrected
for absorption by means of the DIFABS pro-
gram (14).

All calculations were carried out on a
VAX 11/730 computer with the use of TEX-
SAN crystallographic software (15). The
structure was solved by direct methods (16).
Refinement was performed by a full-matrix
least-squares calculation that included in ad-
dition to anisotropic thermal parameters a
thorough site population analysis. The final
values of the discrepancy factors were R =
0.029 (R = [ ||F,| — |FdD/(E |F,)) and

Rw = 0.043 (Rw = [(2 w(lFo’ - ”F‘cl)z)/(2
w|F, /)], w = 1/d*(F)). The goodness-of-fit
was 1.02 and the highest peak in the final
difference map (1.7 e/ A% was not associated
with any of the atoms of the structure. The
atomic scattering factors were those tabu-
lated by Cromer and Waber (17) and correc-
tions for anomalous dispersion were from
Cromer and Ibers (I8).

Polycrystalline samples. Lanthanum ox-
ide  (99.999%), strontium carbonate
(99.999%), cupric oxide (99.999%), and
boehmite (Al,O; - xH,0, x = 0.54 as deter-
mined from thermogravimetric analysis)
were used in the synthesis of polycrystalline
samples. Samples were thoroughly mixed,
pressed into pellets, and calcined in air at
1000°C for 4 to 6 days with frequent
grindings.

Scanning electron microscopy (SEM)



and energy dispersive X-ray analysis
(EDAX). A Hitachi S-570 SEM was used to
image crystals. This instrument was
cqunppeu Wllll a u‘aCOl“ lVUllllern t:uefgy
dispersive X-ray spectrometer. EDAX ini-
tially established the presence of the four
cations, La, Sr, Cu, and Al, in the single
crystals. The Tracor Northern computer
program SQ was used without standards to
analyze the X-ray emission spectra. Though
this program provides appropriate values
for ZAF corrections, to obtain a reasonable
analysis, it is still necessary to determine
the angle between the plane of the sample

and the emitted X-ray photons that reach the

detectar Thig anole can he abtainad from
GElECior. 1 0Ss ang:€ <an ol ¢olalnea irom

geometric considerations if the face of the
crystal under analysis lies parallel to the
plane of the sample holder. The determina-
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tion of this angle becomes difficult, how-
ever, when the crystal is irregularly shaped
or cannot be easily mounted in the desired
UrlCIlldllUi’l llltJ Ld.KtJ-UII dIlglC wadas VdI'lC(l
until the atomic percentage of strontium cal-
culated from the K and L emission lines of
strontium were equivalent. Based on this
method, approximate cation ratio (La: Sr:
Cu: Al) was found to be 1.0:1.0:1.0:1.2.
The large correction for absorption in the
ZAF calculation for energies less than 1 keV
still limits; however, the accuracy of the
aluminum determination where the correc-
tions applied varied from only ~0.2% for

the strontium X line to ~200% for the alumi-

niim K lina
KLUARLE A 1MLEV.

High resolution transmission electron mi-
croscope (HRTEM) images and selected
area electron diffraction patterns (SADP)

Atom Site

Population x y z

La(l) 4d 0.57(1) 0.19497(5) 0.13578(3) 0.2500

Sr(2) 4d 0.61(1) —0.25266(6) 0.09786(4) 0.2500

La(2) 4d 0.39(1) —0.25266(6) 0.09786(4) 0.2500

Sr(1) 4d 0.43(1) 0.19497(5) 0.13578(3) 0.2500

Cu 4d 1.0 —0.0234(1) 0.12623(6) -0.2500

Al 4d 1.0 0.5014(3) 0.1573(2) —-0.2500

o 4a 1.0 0.0000 0.0000 0.0000

0Q) 4c 1.0 —0.0429(5) 0.2500 0.5000

0@3) 4d 1.0 0.2823(6) 0.1375(4) —0.2500

0@4) 4c 1.0 —0.454(6) 0.2500 (0.5000

0®) 4d 1.0 0.372(1) -0.0317(6) 0.2500
Atom Uy Un Uy U Ui Un
La(l) 0.0088(3) 0.0085(3) 0.0081(3) 0.0003(1) 0 0
Sr(2) 0.0136(4) 0.0126(3) 0.0140(3) 0.0040(2) 0 0
La(2) 0.0136(4) 0.0126(3) 0.0140(3) 0.0040(2) 0 0
Sr(i) 0.0088(3) $.06085(3) 0.0081(3) 0.0003(1) 0 1]
Cu 0.0107(5) 0.0080(4) 0.0051(3) 0.0007(2) 0 0
Al 0.0049(7) 0.0109(8) 0.0078(8) 0.0009(6) 0 0
O(1) 0.014(2) 0.010(2) 0.010(2) 0.005(1) —0.001(2) 0.001(1)
02) 0.017(2) 0.013(2) 0.009(Q2) 0 0 0.004(1)
03) 0.011(2) 0.015(2) 0.020(3) 0.001(2) 0 0
04) 0.015(2) 0.022(2) 0.011(2) 0 0 0.008(1)
0o(5) 0.043(4) 0.028(3) 0.067(5) 0.022(3) 0 0
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Fi1G. 2. Structure of LaSrCuAlQs.

were obtained from the polycrystalline sam-
ple using a JEOL 200 CX. The microscope
was fitted with a high-resolution top-entry
goniometer stage (C, = 1.2 mm) and oper-
ated at 200 kV. Samples were prepared by
the usual method of crushing a small quan-
tity of the material in an agate mortar under
ethanol and placing the suspension onto a
holey carbon-covered grid. Additionally,
gold-sputtered grids were used in order to
obtain diffraction patterns calibrated by us-
ing the gold (111) and (200) diffraction rings.

Results

The final positional and thermal parame-
ters are listed in Table II. Selected inter-
atomic bond distances and bond angles are
shown in Table III. The structure of LaSr
CuAlOs is shown in Fig. 2.

LaSrCuAlOs; has a perovskite-related

structure. If this compound were a true per-
ovskite, ABO, (= A,B,0¢), BOg, octahedra
of copper and aluminum would corner-share
to form alternating copper oxygen and alu-
minum oxygen planes parallel to the b,c-
plane. The lower oxygen content (4,B,0;),
however, results in significant structural
changes relative to A,B,0. The greatest dif-
ferences are seen in the Al-O layer. Here
the absence of rows of oxygens along the
[001] completely disrupts the planarity of
this layer and leads to tetrahedrally coordi-
nated aluminum in pyroxene-like aluminum
oxygen chains. The Al-O tetrahedra are
slightly distorted with bond distances and
angles (Table III) comparable to those re-
ported for aluminum in analogous environ-
ments (19). Compared with bond distances
predicted from the effective ionic radii of
Shannon (20), the combination of tetrahe-
dral aluminum (0.39 A) and O~ in either
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TABLE II1
SoME INTERATOMIC DISTANCES AND BOND ANGLES

Interatomic distances (A)

A()2-O(1)(x2) 2.5422(4) A(Q)?-0(1)(x2) 2.6472(4)
A(1)-0(2X(x2) 2.641(3) AR)-O(2(x2) 2.722(3)
A(1)-OBa)x1) 2.592(4) A(Q)-O(3)(x1) 2.604(4)
A(1)-O@3bXx2) 2.79%(1) AQ)-0(4)(x2) 2.642(3)
A(M-OGXx 1) 2.320(6) AQ)-O(5)(x?2) 2.964(3)
Cu-O(1)(x 2) 1.9513(5) Al-OQ@3)(x 1) 1.749(5)
Cu-0(2)(x2) 1.9294(6) Al-O(4)(x2) 1.749(2)
Cu-0(3)(x2) 2.425(5) Al-O(5)(x 1) 1.708(6)
Cu-0(5)(x1) 2.954(8)
Cu-Cu 3.8465(9) Al-Al 3.395(2)
3.903(1) 3.570(5)

Selected bond angles (°)

O(la)-Cu-0(1b) 88.03(3)
0(2a)-Cu-0(2b) 89.29(3)
0O(1a)-Cu-0(2a) 91.33(1)
O(1)-Cu-0(3) 86.68(8)
0(2)-Cu-0(3) 92.5(1)
0(3)-Cu-0(5) 162.3(2)
Cu-0(3)-Al 175.8(2)
0(3)-Al-0(4) 108.2(2)
0(3)-Al-0(5) 118.7(3)
O(4)-Al-0(4) 101.7(1)
0(4)-Al-0(5) 109.4(2)

2 A(1} is the lanthanum-rich site and A{2) is the strontium-rich site.

fourfold (1.38 A) or sixfold coordination
(1.40 A) predicts slightly longer bond dis-
tances than are found in this compound.
The copper environment is also different
from that found in the perovskite structure.
Instead of octahedra, the Cu—O polyhedra
are best described as square pyramids. In
the square plane the copper—oxygen bonds
average 1.94 A, while the apical O(3) oxygen
distance is elongated in a Jahn-Teller fash-
ion characteristic of d° copper, e.g.,
Cu-0(3):2.425(5) A. The next nearest oXy-
gen (O(5)), the oxygen that would complete
a Cu-O octahedron, is 2.954(8) A away and
is considered beyond the coordination
sphere of copper. The Cu-O bond distances
of the square pyramid are similar to those
reported for other mixed metal copper ox-
ides (e.g., YBa,Cu;0,) (21). The copper it-
self does not deviate out of the Cu-O square
plane. The Cu—O planes, formed by the cor-
ner-shared square pyramids, are buckled
along the [010] after every other square
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planar unit. The angle
O(1)-0(2)-0(1) is 166.0(1)°.

The Al-O tetrahedra are connected to the
Cu-0 square pyramids through the apical
oxygen O(3). The extended structure con-
tains chains of corner-shared AlO, tetrahe-
dra parallel to the c-axis which follow the
depressions created by the buckling of the
Cu-O planes.

The A-cations, lanthanum and strontium,
are nonstatistically distributed over two
sites. Ordinarily the coordination of the A-
cation is 12 and is designated 4+4 + 4. The
middle number corresponds to the four
bonds from the AQ,, layer and the first
and last numbers represent the other eight
bonds from the BO,, layers above and
below the AOQ,, layer. One site, A(1), is
eight coordinate (1+3+4) similar to a
square antiprism. The other site, A(2), is
nine coordinate (2+3+4) and relatively
distorted. Bond distances to oxygen are
listed in Table III. The larger strontium

formed by

FiG. 3A.
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F16. 3. (a) Selected area electron diffraction pattern of the [001] zone of LaSrCuAlO;. The intensity
distribution of the reflections indicate possible twinning and/or cation A-site ordering. (b) High resolu-
tion electron micrograph and corresponding electron diffraction pattern of the [100] zone of LaSrCuAlO;
illustrating perfect ordering in this zone.

(20) has a preference for the more highly
coordinated site. The refined population
ratios of lanthanum to strontium (La: Sr)
are 57(1):43(1) for the A(l) site and
39(1):61(1) for the A(2) site. The values
are consistent with an overall La: Sr ratio
of approximately 1: 1. The La: Sr ratio and
the ordering of La** and Sr’* on the two

sites as a function of composition and
preparation temperature would have con-
siderable influence on the properties of
La,_,Sr,,CuAlOs and is under study.
The thermal parameters of ali the oxy-
gens are unexceptional except for O(5)
(See Table II). Although it was unlikely
that aluminum would be less than four



STRUCTURE OF LaSrCuAlO;

257

(a)

(b)

(c)

Fi1G. 4. Comparison of the defect structures of LaSrCuAlOs and Ca,Fe,0s: (a) corner-shared octahe-
dra of fully oxidized perovskite, (b) idealized polyhedral representation of LaSrCuAlOs, and (c)
idealized polyhedral representation of Ca,Fe,0s. (A-cations not shown for clarity, B-cations represented
by open circles, vacancies represented by filled squares, and oxygen lie at the vertices.) Vacancies in
LaSrCuAlQ; are aligned between every tetrahedral layer, while in Ca,Fe,O5 they are staggered and

repeat every other tetrahedral layer.

coordinate the occupation parameter of
the O(5)site was made a variable in the
refinement, but it remained at unity. The
probable origin of the slightly larger ther-
mal parameter of the O(5) site is its coordi-
nation. It forms only one bond to Al at
1.708(6) A, another to A(1) at 2.320(6) A,
and two long bonds to A(2) at 2.964(3) A.
All other oxygen atoms form four or more
metal-oxygen bonds shorter than 2.8 A.

A HRTEM image and corresponding
electron diffraction pattern for the [100]
zone of LaSrCuAlQs is shown in Fig. 3.
The crystals appear to have few structural
defects and the same unit cell dimensions
determined from X-ray diffraction were
observed by electron diffraction from the
[001] and [100] zones. Intensites of reflec-
tions from the [001] zone indicate possible
twinning or cation ordering. This is under
further study.

Discussion and Conclusions

The structure of LaSrCuAlQ;s is closely
related to Ca,Fe,0; and Ca,FeAlO; (brown-
millerite) (22—24). Figure 4 compares the

B-0 polyhedra of Ca,Fe,04 with those of
an idealized representation (i.e., Cu with
octahedral coordination) of LaSrCuAlQ;.
The ordering of oxygen vacancies can be
clearly seen from this figure. In Ca,Fe,0O;,
Fe is tetrahedrally coordinated in every
other B-0 layer. The rows of oxygen vacan-
cies are staggered and repeat in every other
tetrahedral layer. This ieads to a quadru-
pling of the b-axis relative to that of an ideal
cubic perovskite, a. (a. = 4 A). In LaSrCu-
AlQ;s, the rows of vacancies are aligned in
every Al tetrahedral layer and therefore the
a-axis is only doubied relative to a.. Table
IV compares the lattice parameters of both
Ca,Fe,05 and LaSrCuAlQ; to those of an
ideal perovskite. In Ca,Fe,0;, the A-cation
is located on one site, not two as in LaSr-
CuAlOQs.

The planarity of the copper oxygen sheets
in different perovskite-related compounds
is varied. Often the planes are flat (Fig. 5a).
This feature is found in Nd,CuO, with its
square planar copper (25) and in T1,Ba,Ca,
Cu, 04,5, (n = 0,1, 2) and La,_,Sr,CuO,
where copper is octahedrally coordinated
(26). In YBa,Cu,0,_,, the planes are puck-
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TABLE IV
CoMPARISON OF LaSrCuAlO; AND Ca;Fe;O5 LATTICE
PARAMETERS
LaSrCuAlO; Ca,Fe,0;
ag, = 7.9219(6) A ap, = 5.64 A
=2a_ (= bg/2) = V2a,
be, = 11.02001) A bre X 14.68 A
=2Va, = 4a,
coy = 5.4235(@) A cre = 5.39A
= V?2a, = V2a,

ered with the square pyramidally coordi-
nated copper sitting above the oxygen
square plane (Fig. 5b) (5). One compound
that contains buckled planes is La,CuQ, (27)
which adopts the K;NiF, structure. Corner-

FiG. 5. Comparison of known copper oxide planes
formed from corner-shared structural units: (a) flat
planes of Ndzcu04, 'I'lzBaZCa,,Cu,,+106+2,,, and Laz_x
Sr,CuO,, (b) puckered planes of YBa,Cu,0,_, with
copper lying above the oxygen plane, (¢) buckled
planes found in La,CuQ,, and (d) buckled planes in
LaSrCuAlQ;.

WILEY ET AL.

sharing of octahedra does not occur above
and below the Cu—-O plane. This allows a
flexibility in the planes not generally avail-
able to ABO, perovskites and buckling oc-
curs after every square planar unit (Fig. 5c).

Buckling also occurs in the Cu~O planes
of LaSrCuAlQ;. Here directional changes
are observed after every other square planar
unit (Fig. 5d). It would appear that the com-
bination of coordination environments pre-
fered by Cu?* and AP+ is primarily respon-
sible for this phenomenon. Consider the
structure of brownmillerite (Ca,FeAlOs).
The general preference of both Fe** and
AP+ for octahedral and tetrahedral coordi-
nation is also found in this compound. Octa-
hedra and distorted tetrahedra corner-share
(Fig. 4c) and as with normal perovskites,
this extended corner sharing necessarily
limits the flexibility of the B—-O planes. The
replacement of iron by a cation with a pref-
erence for square pyramidal coordination,
such as copper, would in effect release one
of the apical oxygens and allow the tetrahe-
dra to form a more ideal configuration. Addi-
tionally, the removal of the extended con-
nectivity enjoyed by the polyhedra would
allow a deviation of the B—-O planes from
planarity. This appears to be the case in
LaSrCuAlQs. The presence of copper in
square pyramidal coordination which leads
to a buckling of the Cu-O planes allows
aluminum to form a more ideal tetrahedron.

Recently the YBa,Cu;0, analog, YSr,
Cu;_,AlLO, (0.4 = x = 1.0), was reported
(28). This compound is similar to LaSrCu-
AlQqgin thatit is a perovskite-related quinary
oxide that contains aluminum. A compari-
son of the B-O frameworks of LaSrCuAlO;
and the suggested structure for YSr,Cu,
AlO, (x = 1.0) is shown in Fig. 6. In YSr,
Cu,AlO;, the aluminum is thought to occupy
a distorted tetrahedron similar to that found
in brownmillerite. Though it is expected that
the large difference in the relative sizes of
the Y3+ (1.16 A) and Sr?** (1.4 A) cations
favors the YSr,Cu,AlQ; structure and the
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{a) (b} {c)

F1G. 6. Comparison of corner-shared polyhedra: (a)
fully oxidized perovskite, (b) YSr,;Cun,AlO,, and (c)
LaSrCuAlQs. (Coppers occupy square pyramids and
aluminums occupy tetrahedra.)

1:2:2:1(A*" :Sr:Cu: Al) composition, it
may still be possible to form the lanthanum
analog. The possibility that LaSr,Cu,AlO,
or La,, ,Sr,_,Cu;_,Al O is one of the im-
purities in the polycrystalline samples is
presently under investigation.

The structural details of vacancy order-
ings are of great interest in the study of oxy-
gen-deficient perovskites (ABO;_,) (29).
LaSrCuAlQO4 exemplifies an alternate ap-
proach to the study of oxygen-deficient per-
ovskites. In ABO;_, compounds, the oxy-
gen deficiency is dependent on the variable
oxidation state of the B-cation. Incorpora-
tion of a fixed-valent B-cation into the struc-
ture, either by itself or with a charge com-
pensating A-cation, have made it possible to
obtain oxygen-deficient perovskites that do
not display a variable oxygen stoichiometry.
Model compounds include A,BB’'O;s or, as
in the case of LaSrCuAlOs, AA’'BB'Os.
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