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The structural properties of the La,Co Cu,_/0,,; (x = 0.25,
0.75) series have been studied by powder neutron diffraction. Ex-
cess oxygen is accommodated as an (*~ jon in the interstitial space
defined by the lanthanide bilayers and leads to the displacement of
some of the neighboring apical oxygens of the (Cu,Co)O, octahedra
from their normal Iattice sites. The rigid tilt of the metal-oxygen
octahedral units is, however, suppressed in the Co-rich system
and the Fmmm space group is adopted. The Cu-rich compound
is feund to remain isostructural with the parent La,CuO, system
(space group Bmab). The defect occupies a unique site in the x =
0.25 system but is equally shared between two symmetry-equivalent
positions for x = 0.75.  © 1994 Academic Press, Inc.

INTRODUCTION

The unifying structural feature of the high-T, cuprate
perovskKites is the presence of CuQ, layers, formed by
corner-sharing square CuQ, units. These layers are pres-
ent in both hole- and electron-doped superconductors and
are part of either strongly elongated octahedral CuQOg units
(O/T phases, La,_ Sr,CuQ,_;) (}1-3), or square-pyramidal
CuQ; units (T* phases, Nd,_, ,Ce,Sr,CuO,_;) (4), or
square~planar CuQ, units (T* phases, Nd,_,Ce CuQ,_;)
(5-7). Changes in the formal Cu oxidatiop state and the
filling of the conduction band can be achieved through
either chemical doping of the lanthanide bilayers (e.g.,
Sr*, Ce**) or oxygen nonstoichiometry (8 # 0). Superox-
ygenated La,CuQ, ; has been found to be superconduct-
ing with T, = 40 K (8, 9), in sharp contrast to stoichiomet-
ric La,CuQ, which is an antiferromagnetic insulator (2}.
As a result, the structural properties of oxygen-rich cu-
prates and related oxides have attracted considerable in-
terest, focusing on the pivotal role of oxygen stoichiome-
try in determining the structural, electronic, and
conducting propertics of these oxides.

Superconducting La,CuQ,,; shows little variation in
the transition temperature with changes in &. Using pow-

' To wham correspondence should be addressed.

der neutron diffraction measurements, Jorgensen et al.
(10) have attributed this observation to the presence of
two orthorhombic phases with nearly identical stoichio-
metries below 320 K: one has virtually no excess oxygen
and (s insulating (space group Bmab), while the other is
oxygen rich and superconducting (space group Fmmm).
Varying 5 only changes the relative fractions of the super-
conducting and insulating phases. A miscibility gap was
identified at § ~ 0.08. The existence of similar phase
separation behavior resulting from segregation of intersti-
tial oxygen defects was also observed in the La,NiO,
series (11), Furthermore, the excess interstitial oxygén,
located between adjacent La( layers near the (i, %, 9
site, appears to adopt the same structure in both the cu-
prate and nickelate systems (10-12). It corresponds to a
charged defect, and is tetrahedrally coordinated to four
La’*" ions with the four neighboring oxygens being dis-
placed from their normal positions. A different type of
oxygen defect has been postulated to exist in lightly over-
doped Laj gSry sCuly g (13). Interstitial oxygen occu-
pies a position away from the least crowded (3, 1, 1) lattice
site; the short O-O separations present can be only ration-
alized if a neutral oxygen defect, not contributing to hole
creation, is present.

Stoichiometric La,CoQ, is isostructural with La,NiQO,
and La,CuQ,, adopting the K,NiF,-type structure {14),
However, Co?* is extremely easily oxidized to Co*" and
studies in many laboratories have established that incor-
poration of excess oxygenreadily occursin the La,CoO, 5
system (15-18), especially when the reactions take place
in air. Alternatively, the presence of La vacancies can
also lead to formal Co oxidation states larger than +2
{19). In contrast to the corresponding Ni and Cu series,
the cobalitates have not been comprehensively studied
and the oxygen defect structure is as yet unknown. The
stoichiometric compound adopts the orthorhombic Bmab
structure at room temperature and shows a first-order
transition to the tetragonal P4,/ncm structure at =135 K
{(14), in analogy with Ba-doped La,Cu0O, (20). It has been
also shown that doping La,CuQ, with small amounts of
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Co leads to an unexpected reduction in the orthorhombic
distortion (21). In this paper, we report high resolution
powder neutron diffraction measurements on oxygen-rich
single-phase La,Co,Cu,_ 0, (x = 0.25, 0.75) solid solu-
tions between 5 and 295 K. Models for the oxygen defect
geometry are derived and compared with the earlier re-
sults on La,CuQO,,; and La;NiO,, ;.

EXPERIMENTAL

In order to prepare samples with highly homogeneous
dopant distributions, the solution-based citrate sol—gel
technique was employed (6). Samples (10 g) of La,Co,
Cu,y_ 0445 {x = 0.25, 0.75) were prepared in this way.
Firing temperatures of 650°C (24 hr), 950°C (48 hr in
air, one intermediate regrind) and 1200°C (24 hr in a
CQO, flow, followed by slow cooling to room temperature)
were employed for La,Coy45Cuy +50,,5. In the prepara-
tion of La,Coy 75Cuy 50,5, we employed firing tempera-
tures of 650°C (24 hr in air) and 1150°C (24 hr in CO,
flow). Phase purity of the samples was confirmed by
powder X-ray diffraction, using a Siemens D-5000 dif-
fractometer. The overall oxygen concentrations of the
samples were determined by thermogravimetric reduc-
tion in flowing 95% Ar~5% H, using a Perkin-Elmer
TGA-7 system. Samples (50 mg) were heated on a
platinum pan to 850°C at a rate of 2.5°C/min (Fig. 1).
Oxygen concentration was evaluated according to the
reaction scheme:

La,Co,Cu, 0, (s) + (1 + 8) H, (g) — 0
La,0, (s) + xCo + (1 — x)Cu + (1 + 8)H,0 (g)

The identity of the reaction products was confirmed by
powder X-ray diffraction. Measurements were repeated
more than once with consistent results. The oxygen ex-
cess in the Cu rich sample was estimated as & = 0.10(2),
while a substantially larger value was found for the Co
rich sample, & = 0.16(2). Thus the deduced ¢compositions
are La,(Cog55Cuq 750, 1o and LayCop 75Cuq 250, 16 Figure 1
also shows a temperature platcau present in the weight-
loss curve of the x = 0.75 sample (between 460 and 600°C},
indicative of the existence of a formally stoichiometric
sample La,Coy,5Cuy 55054 1n this temperature regime.
The x = 0.25 sample shows no comparable plateau but
only an inflexion point at ~430°C, corresponding to a
formal stoichiometry of La,Coy,Cuy 1505 ¢ - An identical
oxygen content has been reported before (22) for the oxy-
gen-deficient La,CuQ, ¢, system which was found to be
isostructural with Sr,CuQ;,;. Our results thus provide
evidence that Co and possibly other divalent elements
may be incorporated in the oxygen-rich LayCuQ, . §-
phase to form solid solutions.
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FIG. 1. Thermogravimetric reduction weight-loss curves for (a) La,

Coyg 25Cug 950445 and (b) La;Coq75Cup 25045

Powder neutron diffraction profiles of La,Cogss
Cuy 7504 1p and La,Coy 75Cu, 5.0, o were measured at vari-
ous temperatures between 5 and 295 K on the D2b high-
resolution powder diffractometer at the Institut Laue
Langevin, Grenoble, using neutrons with a mean wave-
length of 1.5946 A. The instrument was operated in its
high-intensity mode. The samples were mounted in cylin-
drical vanadium cans, placed in an ILL ‘‘orange’’ cryo-
stat. Diffraction data were collected in steps (26) of 0.05°,
A background cryostat run was also recorded in order to
unravel the origin of weak diffraction features in the vicin-
ity of 18°. The raw data were merged and, after back-
ground subtraction (23), profile refinements were per-
formed by using the Rietveld profile method (24), and
incorporating a pseudo-Yoigt function peak shape de-
scription (25). The d-spacing range analyzed was
0.84-7.63 A for both materials.
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RESULTS

(a) Profile Refinements of La,Coy,5Cuy 750 1

Inspection of the diffraction profiles indicated symme-
try lower than tetragonal at all temperatures; preliminary
refinement of the profile recorded at the lowest tempera-
ture for this sample (50 K) using the standard [4/mmm
space group of the K,NiF type structure resulted in un-
satisfactory reliability factors, R,,, = 0.262 and &, = 0.086.
Indexing of the peaks was achieved in an enlarged ortho-
rhombic unit ceil with approximate dimensions V2a x
V2a x ¢. Following earlier work on oxygen-rich La,
CuO,,; (10) and La,NiOy4,, (11) systems, we considered
both the Fmmm and Bmab orthorhombic subgroups of
[4/mmm. The Fmmm space group was found clearly infe-
rior to Bmab since it failed in fitting a number of weak
reflections (26 =~ 21.87°, 32.98°, 38.86°, 41.04°, 54.26°,
65.35°, 65.89°, 96.69°, and 106.38°) present in the profile.
All these were nicely accounted for in the Bmab space
group. Initial refinements, performed with the atoms in
their normal lattice sites only, gave reliability factors,
R,, = 0.126 and R, = 0.074 for Fmmm and R,,, = 0.096
and R, = 0.053 for Bmab. The Bmab space group was
consequently adopted in all subsequent refinements, The
Cu and Co atomic positions and thermal parameters were
constrained to be the same with their respective occupan-
cies set at the expected stoichiometry and not further
refined. When oxygen site occupancies were allowed to
refine, no vacancy concentration was observed; vatues
equal to 2.0, within the standard deviation, were obtained
for both the apical, O{1), and the planar, O(2), oxygens.

We then started our search for the excess oxygen site,
as necessitated by the thermogravimetric reduction re-
sults, For our preliminary model, we used a single-phase
refinement in space group Bmab since no evidence of
more than one phases present was apparent; however,
we note that Jorgensen et al, (10, 11} find that for both
the cuprate and nickelate systems, phase separation oc-
curs for values of the oxygen cxcess & = (.09, to an
oxygen-rich Fmmm phase and a stoichiometric Bmab
phase. No displacement of the apical oxygen from is
normal site was initially applied and the oxygen defect
maodel proposed by Morosin et al. (13) for the Bmab phase
of La, St ,sCu0,,; was chosen at the starting point for
our refinements. The oxygen interstitial defect, O(3), was
introduced in the (4, §, z; z = 0.162) position and the apical
oxygen, O(1) was retained in its normal position (3, v, z;
y = —0.034, z = 0.180). The O(3) position was allowed
to be displaced away from the (4. &, 1) site along the
long crystal axis ¢ (Fig. 2). Satisfactory refinements were
obtained fairly quickly. The positional parameter and oc-
cupancy of the defect converged to z = 0.264(4) and

FIG. 2. The crystal structure of the stoichiometric La,CuQ, phase
(erthorhombic space group Bmab).

n(O(3)) = 0.109(8) with the isotropic temperature factor
fixed at 1.0 A2 Reasonable thermal parameters were ob-
tained for all the other atoms except for the apical oxygen
which exhibited a large B, value of 1.68 A2; an anisotropic
temperature factor was introduced for this atom and
refined, leading to an improvement of the fit quality
(R, = 0.086, R, = 0.038).

Although the fit quality of these structural models sug-
gest acceptable crystal structures for the La,Copo;s
Cu, 150, ;¢ material, a careful examination of the local
environment of the oxygen defect revealed the presence
of two very short O(1)-0(3) distances at 1.92(2) A. This
led us to investigate the possibility that some of the apical
O(1) atoms might be displaced from their normal lattice
sites to neighboring O(4) sites with coordinates (x, y, z7),
giving a more physically acceptable-local structure. The
parameters of our earlier model with the apical oxygen
at its normal lattice site were used as starting values. The
starting position of the O(4) ion was that of Chaillout et
al. {12} at (0.47, 0.10, 0.18), its isotropic thermal factor
was set equal to the one of the apical oxygen O(1), B ~
1.6 A, and its site occupancy was constrained to satisfy
n(O(1)) + n(O(4)) = 2. A step-by-step introduction of the
various parameters (o the fit led to stable refinements and
an improved fit quality. Further improvement in the fit
quality was achieved when an anisotropic temperature
factor was refined for the equatorial O(2) atom (R,, =
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TABLE 1
Final Structural Parameters Derived from the Rietveld Profile Refinements
LayCoqg 75Cug 150445 La;Cog25Cug 750445
Space group Fmmm Bmab
Temperature/K 5 295 50 205
alA 5.4548(2) 5.4638(3) 5.3857(1) 5.3972(1)
b/ A 5.4690(2) 5.4764(3) S.4213(1) 5.4202(1)
clA 12.7465(4) 12.7847(5) 13.0096(3) 13.0512(3)
VIA3 380.262(25) 382.545(30) 379.851(17) 381.794(16)
x (La) 0 0 0.5 0.5
y 0 0 0.008 {5} 0.006 1(8)
z 0.3609(1) 0.3609(2) 0.3618(1) 0.3616(1)
BIA? 0.73(3) 1.01(4) 0.57(2) 0.89(2)
x (Co/Cu) 0 0 0.5 0.5
y=1z 0 0 0 0
B/A? 0.68(3) 0.83(4) 0.40(2) 0.70(2)
x (0N 0 0 0.5 0.5
¥ 0 0 —0.0332(5) —0.0273(8)
z 0.1750(4) 0.1751(5) 0.1812(2) 0.1814(3)
BIA? §.93(5) 2.2%7) 1.02(4) 1.24(4)
" 1.45(2) 1.46(3) 1.79(1) 1.67(1)
x =y (002 0.25 0.25 0.25 0.25
z 0 0 0.0066(3) 0.0034(6)
& 0.0081(10) 0.0093(14) 0.0024(5) 0.0027(5)
by 0.0013(5) 0.0029(12) 0.0068(5) 0.0116(7)
by 0.0029¢2) 0.0031(2) 0.0013¢1) 0.0024(2)
b 0.0000(5) —0.0018(7) 0.0012(4) 0.0023(4)
" 2 2 2 2
x =y {03)) 0.25 0.25 0.25 0.25
z 0.230(2) 0.237(4) 0.269(3) 0.270(4)
BiA? 1.0 1.0 1.0 1.0
n 0.203(10) 4.180(12) 0.109(8) 0.101(8)
x (O(4) -0.074(5) —0.069(7) 0.408(6) 0.426(4)
¥ —-0.076(5) —0.07H7) 0.067(5) 0.062(4)
z 0.171(1) 0.173(2) 0.187(3) 0.181(2)
BIA* 1.93(5) 2.2 1.02(4) 1.24(4)
n 0.55(2) 0.54(3) 0.21(1) 0.33(1)
pr.’% (R./9%) 8.9(2.4) 9.4(3.9) 8.3(3.7 §.2(3.6)
Rigoany % (Régoaay/ %6} 3.0(1.6) 3.4(3.2) 3.4(2.4) 3.4(2.7)

0.083, R, = 0.034). The O(4) position converged to
(0.408(6), 0.067(5), 0.187(3)) with a partial occupancy of
n(O(4)) ~ 0.21(1); this resulted in physically acceptable
O(1)-0(3) distances (farger than ~1.92 A, Table 2). The
extra oxygen anions were now found at (3, 4, z) with
z = 0.269(3). The excess oxygen content of the oxide as
deduced from the Rietveld refinement is & = 0.109(8).
This isin excellent agreement with the TGA determination
of § = 0.10(2). The final results are summarized in Table
1 and the observed, calculated and difference profiles
(T = 50 K) are shown in Fig. 3.

In order to check for the uniqueness of the O(3)-defect
position, a separate model refinement was also carried
out with O(3) placed in the position (3, 2, 0.269) which is
not related by symmetry to (1, 1, 0.269) in Bmab. The

refinement again converged to the same position for O(3),
namely (3, 1, 0.231(4)), confirming its nature as a true
minimum. The next step was to assume that the O-defect
was distributed between two sites, i.e., O(3) at (, 1, 0.269)
and O3)" at (1, £, 0.269). Refinement of the site occupancy
was attempted without imposing any constraints. The re-
finement provided excellent evidence that the (3, £, 0.269)
site is preferably occupied by the interstitial oxygen. After
constraining the z coordinates to be equal and the thermal
parameter for both sites constrained to B = 1.0 A?, re-
finement led to an occupancy of the O(3) site of 0.089(21)
and of the O(3)' site of 0.022(22). The reliability factors
R,, = 0.083 and R; = 0.037 remained unchanged.
Diffraction data were also collected at 98, 146, 198, and
295 K. The same model was used successfully for profile
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Selected Bond Distances (A) at Low Temperatures

refinement at all temperatures. The room temperature
refinement results are also included for comparison in
Table 1. Figure 4a shows the temperature evolution of

0.25 system,

La,Coy 75C0g.250, La.Cog »5Cu4 450 . .
Space Group % Ol‘;‘;mun?s A8 o O'E;_l;g‘“ 0 th.f: la.ttlce parameters. The long axis expands Sm(?othly
with increasing temperature while the difference in the
Host Structure basal plane dimensions ¢ and & becomes smaller, the
Co/Cu-0(1) 2.23145) %2 2.364(3) »2 orthorhombic strain decreasing smoothly from a value of
Co/Cu-0(2) 1.9311(0) x4 1.9124(2) x4 3.30(2) x 1073 at 50 K to 2.13(2) x 1073 at 295 K. Figure
Mean 2031) 2061} 5a presents the variation in the (Cu/Co0)—0 bond lengths
La-0(1) 2.369(5) x1 2.360(3) 1 a presents & ation n the - eng
2,7656(8) %2 2.987(4) X1 with increasing temperature.
2.549(4) x1
2.7726(8) x2 2.7531(7) %2 (b} Profile Refinement of La;Cop35Cuy 550, 6
La-0(2) 2622¢1) >4 %gggg; ;(5 Powder neutron diffraction profiles were collected at 5
Mean 2.659(1) 2.652(4) K and at intermediate temperatures up to room tempera-
O(1)-0(1) 3.330(4) %2 3.,248(4) =2 ture. Initial examination of the raw data at 5 K suggested
3.336(4) =2 3.253(2) 2 that the pattern could be indexed again with an orthorhom-
0(2)-0(2) 2,7274(0) x2 2.6928(0) x2 . f th K.NiF t .
2.7345(0) x2 2.7162(4) x2 EIC su\};%rccll'o’u 1e I(I:;ragonal hz i {;1 st;—]uc llljr‘e ég?
O(1)}-0(2) 2.951(4) x4 3.028(4) x2 (I dar, cg ~ ¢r). However, the or ?I‘_Om 1c distor-
3.054(4) X2 tion ([(b ~ a)/(b + a)] ~1.30(4) x 107%) in the present
Defect Structure malerial, which is characterized by a larger oxygen-excess
Co/Cu-0(4) 2.25(2) 2.51(4) present (8 ~ 0.16(2)), is much smaller than the one found
La-0G3) 2.25Q) 2.242) i La,Cog,5Cug 1504 10 (3.30(2) x 1073); it is of the same
2.56(2) 2.58(3) - o : . .
order of magnitude as that of the oxygen-rich La;,NiQ, ;5
La-0(4) 2.34(3) 2.34(4) -3
2.44(3) 2.33(3) system (0.92(2) x 107%) (11). A structural model based on
2.49(2) 2.52(3) the tetragonal space group /4/mmm proved unsatisfactory
O(1)-0(3} 2.28(2) 1.342) since it predicted only a small number of the observed
003)-04) 2.6303) 2.34(4) peaks. Similarly, the orthorhombic Bmab space group
2.81(3) 2.58(3) . . _
which we found appropriate for the x =
predicts peak intensities al 26 positions where no Bragg
reflections are present in the raw diffraction data. Thus an
Intensity {count)
3500 |
3000} 1
2500 1
2000 1
1500
1000
of  — o .
! I N TN R T R AN N TS N AR TR R T T VR TR N
E’D 4:0 6I0 BID 1 60 i éU 1 -‘I10
20 {degrees)
FIG. 3.

Observed (points) and calculated (full curve) neutron diffraction profiles for La,Cog5Cuy 750400 at 50 K. The reflection markers and

the difference profile are also shown. Scattering from the cryoestat is alse marked.
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FIG, 4. Temperature evolution of the lattice constants of (a) La;
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appropriate starting model was based on the orthorhombic
Fmmm space group which was adopted for superoxygen-
ated La,NiQ, 4 (11).

Refinement with all atoms at the normal lattice sites of
the Frmmm space group converged rapidly with reliability
factors R, = 0.132, R, = 0.091. However, this prelimi-
nary model with no oxygen excess led to unphysically
large isotropic temperature factors for the apical oxygens
(~3.2 A?). Such a situation had been encountered before
(26) when excess interstitial ions {F~) were present in the
crystal structure of the T* phases. In a similar fashion to
La;NiQ, ;3 where the interstitial oxygen was located in
the cavity present in the rock salt-like (La,0,)*" layers,

it looks possible that a defect O(3) atom could occupy an
analogous position in the La,Cog.:Cug,504,5 unit cell.
Such an oxygen defect will be coordinated to four apical
oxygen O(1} anions and could lead to their displacement
from their normal position along the c-axis. Such a dis-
placement will manifest itself in unusually large thermal
parameters in the undistorted structure.

Accordingly, a defect structural model was constructed
with extra oxygen placed in an interstitial (3, 1, z) position
with z ~ 0.155 and the apical O(1) oxygen split into two
sites, with the displaced O(4) ions placed in a general
symmetry position (x, y, z}, withx ~ —0.054, vy ~ ~0.118,
z ~ 0.176. The validity of such a defect model was also

0

LaECooA%C

Up 75~ 418
2.3770
_ Cu/Co-02
= 2.3720 _
m
[+]
S 23670 -
o § % f%‘
-
£ 23820 E
=
o
=
o
m
5 19132 R
S Cu/Co—01
1.9128
IC]
% 1.9124 / -
= A
1.9120 :l
] | ! 1 1 |
0 50 100 150 200 250 300
Temperature (X)
Lo 004 4600 550445
¥ T T T T T
2.250 +
z 2240 | Cu/Co-02 :
- -
@ 2230 [Y—— X
g T
—
S oee20 .
2
o 2210 |
[ =]
o]
T oo |
5 1.834 ¥
N
)
& 1933 - / }
I
o Cu/Co—01 -
% 1.932 / _
=
1931 Ly— 4
0 50 100 150 200 250 300

Temperature (K)

FIG. 5. Temperature evolution of the (Cu/Co)-0 bond lengths in
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FIG. 6. Observed (points) and calculated (full curve} neutron diffraction profiles for LayCogy7:Cuy 20, 14 at 5 K. The reflection markers and
the difference profile are also shown. Scattering from the cryostat is also marked.

corroborated by the large vacancy concentration obtained
for the apical O(1) oxygen when its site occupancy was
refined while all the other atoms occupied their normal
lattice sites in the Framm unit cell. In subsequent refine-
ments, the site occupancies for O{1) and O(4) were con-
strained to satisfy the relationship #(O(1)) + n(O4)) =
2, while the occupancy of the defect was fixed to
n(0O(3)) ~ 0.2. Even with these starting parameters, our
model proved very stable, rapidly converging to R,,, =
0.121, R; = 0.075, after refining fractional coordinates,
isotropic temperature factors and occupancies for all the
atoms in the unit cell, except the defect O(3). The fit
quality was then significantly improved when the position
of the interstitial oxygen defect was left free to vary. The
refinement converged to z(O(3)) ~ 0.234(3) with reliability
factors R,, = 0.100 and R; = 0.046. We then allowed
the site occupancy 1o vary. An unconstrained refinement
rapidly coaverged, resulting in an oxygen excess of § ~
0.20(1), in excellent agreement with the vaiue of & ~
0.16(2) independently determined by TGA. The use of
anisotropic temperature factors to represent the thermal
motion of the basal plane O(2) atoms further improved
the agreement between the observed and calculated inten-
sities (R; = 0.030). The final parameters of the Rietveld
profile refinement are also presented in Table 1 and the
observed, calculated and difference profiles (T = 5 K} are
shown in Figure 6.

Diffraction data were also collected at 101, 198, and
295 K. The same defect model in Fmmm was used suc-
cessfully for profile refinement at all temperatures. The

room temperature refinement results are also included for
comparison in Table 1. Figure 4(b) shows the temperature
evolution of the lattice parameters. All threc axes expand
smoothly with increasing temperature, the effect being
more pronounced for the lattice constant ¢. The ortho-
rhombic sirain remains almost constant at 1.30(4) x 1073
to 200 K and then decreases only slightly to a value of
1.15(5) »x 107* at 295 K. Finally, Fig. 5(b) presents the
variation in the (Cu/Co0)-0O bond lengths with increas-
ing temperature.

DISCUSSION

In the present materials, the excess oxygen O(3) was
introduced at sites located in the interstitial space defined
by the rock salt-type La,O, bilayers. In the x = 0.75
system, each O(3) is coordinated to four La and four O(1)
atoms located at the (0, 0, 0.361) and (0, 0, 0.175) positions
of the orthorhombic Fmmm unit cell, respectively and
defining a “‘cube” (Fig. 7a). The defect is slightly dis-
placed off the “‘center’ (4, i, 1) of the ‘‘cube’ along the
z axis so that z = 0.230(2), and an occupancy of ~5% per
formula unit. Its local environment consists of two short
and two long La-0(3) distances at 2.247(15) A and
2.557(20) A, respectively, consistent with an 02~ defect.
The presence of the excess oxygen, although it does not
affect the (Cu, Co) coordination, causes a distortion of
the (Cu, Co)O, octahedra. Some of the apical oxygen
atoms O(1) are displaced from their normal lattice sites
to a new site O(4) away from the [001] direction of the
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Co/Cu

FIG. 7.

(a) The coordination of the O(3) defect site in La,Coy 7sCu 2504 15 Showing its splitting into two sites. The four possible symmetry-

equivalent sites of the three displaced O(4) apical oxygens are also shown. The most likely coordination polyhedron (““cube”™) of the defect is
drawn; the optimized 0(3)-0(4) distances are 2.63(3) and 2.81{3) A. (b} The defect O*" local coordination in La,Coy, ,5Cug 750, 1o with bond distances

given in A.

Framm unit cell. As revealed by the refined ratio of the
occupancy factors of the O(4) and O(3) atoms, #[O(4)) =
2.68(22) x n{O(3)], approximately rhree apical oxygens
per formula unit are displaced for every O(3) interstitial
site occupied. As a consequence, each O(3) atom is coor-
dinated 10 three O(4) and one apical O(1) atoms. 1n the
case of La;NiO, ¢ (11). each O(3) defect was found to
lead to the displacement of four neighboring O(1) atoms
into O(4) sites. A list with the possible O(3)-0(1) and
O(33-0(4) distances is presented in Table 2. The possible
0(3) environment, with only long, physically meaningful
distances will involve one O(3)-0(1) distance at 2.28(2)
A and three O(3)-0(4) distances at 2.61(3) A (x1) and
2.81(3) A (x2) (Fig. 7a).

In the La,Coy,5Cu0g 750y 1o material, the excess oxygen
is accommodated again in the same interstitial space
(‘‘cube’”) defined by the rock salt bilayers, The need of
displacing the apical oxygen O(1) to the O{4) position
becomes apparent because of the anomalously short in-
teratomic distances encountered otherwise around the in-
terstitial defect. Subsequent incorporation of the intersti-
tial O anions leads again to partially deformed CuQ,
octahedra, as approximately fwo apical oxygens per for-
mula unit, n[O(4)] = 1.92(24) x a[O(3)] are displaced
from their normal lattice site for each O(3) defect present.
The coordination polyhedron of the interstitial anion O(3)
has the shape of a ‘‘deformed’’ square antiprism with
the extra oxygen coordinated to two short and two long
La-O(3) distances at 2.24(2) A and 2.58(3) A, respec-
tively. The rest of the corners of the polyhedron are occu-
pied by two apical oxygens O(1) at 2.34(2) A and two
displaced O(4) ones at 2.58(3) A, tetrahedrally positioned
around the interstitial site. The O{3) defect is again dis-

placed off-center along the long axis with z = (.269(3)
and an occupancy of ~5.5% per formula unit (Fig. 7b).
Its position and occupancy are remarkably similar to the
ones found for the x = (.75 system; however, in the
present case the O(3) atom is principally occupying only
the (3, 1, 0.269) site, while in La,Coy75Cuqy 50, ¢ it is
equally shared between the symmetry-equivalent posi-
tions (4, 1, 0.269) and (4, 1, 0.231).

Gradual substitution of Cu by Co has a number of im-
portant structural consequences. The crystal chemistry
and structural phase transitions of La,CuQ, have been
discussed (3) in terms of the perovskite tolerance factors,
t=r_0f2"? rcy_o (27). Because of bond length mismatch
between the lanthanide bilayers and the copper—oxygen
layers, a tetragonal (/4/mmm) — orthorhombic (Bmab)
phase transition occurs, characterized by the cooperative
rigid tilting of the severely elongated CuQ, octahedra
about the [110] direction of the tetragonal unit cell. A
strain displacement of the CuQ, layers also occurs. A
large orthorhombic distortion [(b — a)Y/(b + a)] ~7.61 X
1073 results ai low temperatures (3} with an octahedral
tilt angle of 5.2(1)° and a basal plane strain angle (28)
of 3.30(5)°. Partial substitution of the Jahn—Teller-active
Cu®* ion in the case of the La,Coy ,sCu, 7:0, o material
leads to reduced values for the orthorhombic distortion
(~3.29(2) x 107%), the metal-oxygen octahedral tilt angle
{~4.4(1)°), and the elastic deformation of the basal plane
(2.6(1)°). The tolerance factor ¢ is still significantly smaller
than i (7 ~ 0.91) and the Bmab space group is still adopted.
Further substitution of the Cu?* site leads to an increase
in the tolerance factor towards the stability range of the
tetragonal K,NiF, structure and a further reduction of the
orthorhombic distortion. In the Co-rich La,Cogs
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Cuy 50y 1 material, the tolerance factor has increased to
t ~ 0.93 and the orthorhembic distortion is found to be
only 1.30(4) x 1073, Rigid tilts of the (Cu,Co)Q octahedra
are no longer observed and the structure adopted is con-
sistent with the face-centered Fmmm space group. The
disorder present in the structure certainly contributes to
the randomization of the rigid tilts which subsequently
appear to average out, resulting in an orthorhombic struc-
ture with no strain displacement of the basal plane and
no tilted octahedra. Finally, the Co-rich phase shows a
greatly reduced average (¢/a) ratio of 2.334 (cf., 2.408 for
the Cu-rich sample) and less strongly elongated octahe-
dra, [(ryx = r}/(ry — regdl = 0.072 (cf., 0.106 for the Cu-
rich sample), consistent with the decrease in the number
of Jahn-Teller-active metal ions present.

CONCLUSIONS

We have presented high-resolution powder neutron dif-
fraction structural measurements on La,Co,Cu,_ O,
{(x = 0.25, 0.75) samples containing a large excess of
interstitial oxygen. The orthorhombic space group Bmab,
resulting from alternate rigid tilting of the (Co,Cu)O, octa-
hedra along the [110] direction of the tetragonal unit cell,
describes the Cu-rich x = 0.25 orthorhombic phase well
throughout the temperature range studied. No evidence
for phase separation is found with the oxygen defect occu-
pying a single ‘*square antiprism’’ site within the lanthan-
ide~-oxygen bilayers and leading to the deformation of
approximately two of its four neighboring octahedra. The
orthorhombic strain is found to be highly reduced in the
Co-rich x = 0.75 system which now adopts the face-cen-
tered Fmmm space group, as a result of the suppression
of the tilting of the (Co,Cu)O, octahedra. The Jahn—Teller
distortion of the octahedra is also found strongly reduced
as a result of the substitution of Cu by Co. A related
interstitial site is occupied by the defect leading to the
deformation of approximately three of its four neighboring
octahedra. In the present system, the defect splits be-
tween two symmetry-equivalent sites. In both oxides
studied, the defect geometry is consistent with a nega-
tively charged O ion.
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