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A new compound in the La-Sr-Cu--O system was obtained by annealing LasSrCugOy; [or (Lag 5333515 1666)8
CuyQy, (B-8-20)] at 600°C under high O, pressure (PO2 = 300 atm). It crystallizes in a tetragonal cell

with parameters g =

S5a, and ¢ = a, in the same way as La,BaCu;Qy;. 5, where a, means the cell

constant of the cubic perovskite. By TG study the composition of this compound was estimated to
be (Lay 3323510 1666)sCUsO 3 g g 02 (5—5-13). The structure has been refined in the space group P4/m by
Rietveld analysis of powder X-ray diffraction. Lanthanum and strontium in the structure are statistically
distributed, in contrast to La,BaCus0y;.5, where lanthanum and barium are located in an ordered
manner. The oxygen nonstoichiometry and the electrical resistivity of 8-8-20 and 5-5-13 compounds

are also discussed. ® 1993 Academic Press, Inc.

1. Introduction

The cuprate oxides have been extensively
investigated in the last several years since
the discovery of high-T, superconductors
(/). Actually, copper can form a large
family of ternary and quaternary oxides be-
cause of its ability to take mixed valences
[Cu(D)-CulIl)-Cu(IIl)] and various oxygen
coordinations. It also shows a variety of
physical properties which are very sensitive
to oxygen nonstoichiometry.

The La-Ba-Cu-0O system is a typical
one, which contains so-called 214- and 123-
superconductors and 415-metallic nonsu-
perconductors. The structures of these
compounds are closely related to that of per-
ovskite, in particular, La,BaCu,0,;, 5 (415)
has an oxygen-deficient perovskite struc-
ture with a characteristic arrangement of oc-
tahedral and pyramidal coordinate cop-
per {(2).

In the La-Sr—Cu-0 system, another
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oxygen-deficient perovskite compound,
La;SrCu 0,5, (516), has been synthesized.
Its structure involves three types of copper
coordination, octahedral, pyramidal, and
square planar (3). This compound crystal-
lizes in a tetragonal cell with parameters
a == 2\/§ap and ¢ = a,, where q, is the
parameter of the cubic perovskite, and has
a wide solid-solution region fromx = 0.16 to
0.24 in general formula {La,_,Sr,)sCus04, .
(8-8-20). On the other hand, La,Ba
Cu;0,;. 5 has a tetragonal structure with lat-
tice constants @ =~ V5q, and ¢ = a,, and
exists in a very narrow cation composition
region around the stoichiometric composi-
tion (4—1-5), which shows a close relation
between the structure and the metal (La and
Ba) ordering.

It is worth investigating the relation be-
tween oxygen deficiency and structure or
physical properties in order to understand
a variety of copper oxides systematically.
In this paper we report a new compound in
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the La-Sr-Cu-O system, (Lag 313351, 16e6)s
CusQy;, 5 (5-5-13), which was synthesized
under high O, pressure. This newly found
compound was similar to La,BaCu0,;, 5 in
structure. We also report the structure as
refined by Rietveld anatysis and some physi-
cal properties of this compound. These com-
pounds have an oxygen-vacancy ordered
structure. Lanthanum and strontium in
5-5-13 are statistically distributed, in con-
trast to 4—-1-5, where lanthanum and barium
are located in an ordered manner.

2. Experimental

Starting  samples, (La; Sr )sCugOy.,
(x = 0.1666, 0.2, 0.2381, 0.25), were
prepared by solid state reaction according
to the published literature (6). Appropriate
mixtures of predried La,0,, SrCO,;, and
CuQ were well ground and decarbonated in
air at 900°C for 12 hr. Then the powders
were reground, pressed into pellets, sin-
tered under flowing oxygen (O,-sintered) at
1025°C for 16 h, and finally cooled to room
temperature slowly in the furnace. Regrind-
ing and sintering were repeated several
times until a homogeneous phase was ob-
tained. Then the oxygenated sample was
prepared by annealing the O,-sintered sam-
ple (x = 0.1666) under 1500 atm (20% O,/
Ar, Py, = 300 atm) at 600°C for 6 hr (O,
HIP (Hot Isostatic Pressing)).

Powder X-ray diffraction (XRD) mea-
surements were carried out using a Mac Sci-
ence MXP'® system with a rotating anode
generator and a monochromator of single-
crystalline graphite for CuKe radiation. The
Rietveld refinement was made on the O,-
HIP sample using the analysis program RIE-
TAN (9) in the range 26 = 20°-116°.

Thermogravimetric and differential ther-
mal analysis were carried out using a Mac
Science TG-DTA 2000 assembly under vari-
ous atmospheres. The oxygen content was
calculated from the weight loss by hydro-
gen reduction.

The electrical resistivity was measured by
the ordinary four-probe method on Q,-
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Fic. 1. X-ray powder diffraction pattern for (a)
(Lag 4333570 1656)5CUsO 5 and (b) (Lay g333510, 146)5C1sO 5.

sintered and -HIP pellet samples in the range
5-280 K at 1 K intervals. The magnetic sus-
ceptibility was measured by the conven-
tional Faraday method at # = 11.8 kQe in
the temperature range 4.2-300 K.

3. Results and Discussion

Figures 1a and b show XRD patterns of
the O,-sintered and -HIP samples, respec-
tively. The pattern of the O,-sintered sam-
ple, {La,  Sr)sCu0,,., is as in (6); lattice
constants at room temperature are g =
10.8606(4) A and ¢ = 3.8589(1) A for x =
0.1666. The lattice constant variation with
the strontium content x is given in Fig. 2.
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FiG. 2. Lattice constants for {La, Sr,)sCug04 as a
function of strontium content x. Closed and open sym-
bols represent our data and the data of Er-Rakho ¢t
al. (3}, respectively.
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FiG. 3. TG and DTA curves for the O;-sintered sam-
ple (x = 0.1666) heated at 5°C/min in flowing diluted
hydrogen (10% H,/He, 200 ml/min}. The total weight
loss is 7.41%.

Lattice constant a decreases and c slightly
increases with increasing x, agreeing with
the data of Er-Rakho et al. (3).

The XRD pattern of the O,-HIP sample
{x = 0.1666) is substantially different from
that of the O,-sintered samples and is similar
to that of La,BaCus0,,; (6). All the peaks
in this pattern can be indexed on the basis
of the same tetragonal cell as the 415 phase
(\/gap x \/gap X a,). The lattice parame-
ters at room temperature are 2 = 8.6160(1)
A, ¢ = 3.8226(1)A, which are slightly
smaller than those of the 415 phase (¢ =
8.66475(1)A, ¢ = 3.8594(1) A), reflecting the
smaller ion radius of strontium than of
barium.

The thermogravimetric and differential
thermal analysis (TG-DTA) was carried out
to determine the oxygen content and the
thermal decomposition in the O,-sintered
and -HIP samples. Figure 3 shows a
TG-DTA curve for the O,-sintered sample
(x = 0.1666) heated at 5°C/min under flow-
ing diluted hydrogen {10% H,/He, 200 ml/
min). The weight loss occurs between 300
and 500°C with some exothermic and endo-
thermic peaks in the DTA curve; no more
change is observed up to 960°C. Assuming
that the compound was finally decomposed
into a mixture of Cu metal, SrO, and La,0,,
the total weight loss gives the composition
(Lag 813357, 1666)sC U0, (0r LagSrCugOs4
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in Tokura’s notation), where the oxygen
nonstoichiometry g (or 8) is 0.00 = 0.02. Er-
Rakho et al. and Tokura et al. reported the
larger values for the deficiency of oxygen,
e =008 (x =016 and 6§ = 0.1 £ 0.1
respectively, but our result is consistent
with the stoichiometric (l.a,Sr)gCuy0y
structure. The slight difference between our
result and their data possibly comes from
the synthesis conditions, i.e., sintering tem-
perature, atmosphere, cooling method etc.

Figure 4 shows the weight change of the
O,-sintered sample (x = 0.1666) in air. The
observation under O, gas gave the same be-
havior. In the first elevation of temperature
((a) in Fig. 4}, only a small weight loss is
observed up to 1080°C and then a rapid
change (—1.4%) occurs within about 20°C
up to 1100°C with an endothermic peak in
the DTA curve. This persistence of the
weight at such a high temperature is consis-
tent with the narrow range of oxygen defi-
ciency. More temperature increase only
gives a gradual decrease up to 1150°C. On
cooling ((b) in Fig. 4), the sample gains
weight, namely oxygen, with a step around
1030°C. This stepis also observed reversibly
in a second heating at about 1060°C ((c) in
Fig. 4) with an endothermic peak. The resul-
tant powder shows an XRD pattern which
contains a 214 phase and CuQO. The step
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F1G. 4. TG and DTA curves for the Qy-sintered sam-
ple (x = 0.1666) heated/cooled at 5°C/min in air. The
sample was heated to 1150°C in the first stage (a), then
cooled to 850°C (b), reheated to 1150°C (c), and finally
cooled to room temperature (d).
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Fi1G. 5. TG and DTA curves for the O,-HIP sample
{x = 0.1666) heated at 10°C/min in flowing pure oxygen
gas (99.9995%, 50 ml/min). The total weight loss is
0.73%.

around 1050°C may be caused by this de-
composition. These results show that it
would be difficult for the 8-8-20 phase to
change into other more oxygen-deficient
perovskite structures, (1.ag 5557 75)gCus0 5.4
or (Lag,55r.75)eC0016 4 4 (4, 3}, by the re-
moval of oxygen. It decomposes into the
stable 214 phase and CuQ.

Reheating the O,-HIP sample (x =
0.1666) under flowing oxygen gas results in
a gradual decrease in weight up to 450°C and
a drastic weight loss in the range 500-600°C
with an endothermic peak in the DT A curve
as shown in Fig. 5. The resultant powder
shows the same XRD pattern as the O,-
sintered sample. From this weight loss
the composition was estimated to be
(Lag £335570,1666)sCUsO 13 p4x0.0 for the O,-HIP
sample. The similarity of the oxygen content
between the 5-5-13 and 415 phases agrees
with the result of XRD that both compounds
have a similar structure, i.e., a similar oxy-
gen-vacancy-ordered structure. Such low
temperature of excess-oxygen release, how-
ever, suggests the instability of the 5-5-13
phase under ambient atmosphere, which is
in contrast to La,BaCus0O;,;. Kato et al.
reported that & is equal to 0 for the tetragonal
form of this barium compound, and reduc-
tion in Ar atmosphere leads to the mono-
clinic La,BaCu,0y, s (7). On the other hand,
it is a remarkable difference that the tetrago-
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nal 5-5-13 (V3a, x V5a, x a;) phase
shows a structural phase transition not to a
monoclinic but to the tetragonal 8-8-10
(2\/§ap X 2\/Eap X a,) phase.

From X-ray diffraction and TG measure-
ments, this oxygenated sample was con-
firmed to be a new compound with composi-
tion (Lag g1335r, 4e66)5C05014 and a structure
similar to La,BaCu.0,;. Then we tried to
refine the structure using Rietveld analysis.
The structure refinement was carried out in
the same space group, P4/m, as lLa,Ba
Cu;0,; for the powder X-ray diffraction pat-
tern. Calculations were started with the
same atomic positions as La,BaCu;0,, and
the atomic parameters after final refinement
are given in Table 1. The discrepancy factor
is calculated to be R; = 0.0274 (R, = 0.0476;
R, = 0.0318; R,,, = 0.0650}. The most strik-
ing result is that lanthanum and strontium
are statistically distributed over 1(d) and
d4(k) sites while in La,BaCu;O; lanthanum
and barium are strictly located on the 1(d)
and 4(k} sites respectively (2). Refining with
variable occupation factors of lanthanum
and strontium on these sites made no differ-
ences on the discrepancy factor and the
atomic parameters, and the occupation fac-
tors became to be consistent with the statis-
tical distribution within the standard devia-
tions. This result suggests that the oxygen
content rather than the ordering of metals
(La and Ba or Sr) is essential for 4-1-5
structure (\/gap X \/gap). This disorder of

TABLE 1

REFINED ATOMIC PARAMETERS OF (Lag g3135700 16665
CusQy; (SPAcE Grour P4/m)

Atom Site X ¥ z
La(Sn() 1(d) 0.5 0.5 0.5
La(Sr)(2) 4(k) 0.1325(5) 0.2753(5) 0.5
Cu(l) 1(a} 0 0 0
Cu(2) 400 0.420(1) 0.174(1) 0
0]89)] 1(b) 0 0 0.5
02) 4(j) 0.275(4) 0.393(4) 0
03) 4(j) 0.230(6) 0.040(4) 0
O4) 4(k) 0.417(4) 0.176(4) 0.5
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TABLE II
INTERATOMIC DISTANCES IN (Lagg3135T 1556)sC 10 3

M-0 Distance (;\)
Cu(1)-O(1)? %2 1.9113(0}
Cu(1)-0(3)* x4 2.003(9)
Cu(2)-0Qy %1 2.256(6)
Cuf2)-0(2)* %1 1.832(6)
Cuf2)-0O03)" %1 2.034(%)
Cu(2)-0O(4)7 x2 1.5115(1)
La(Sr(1-00)" x8 2.873(5)
La(Sri{1)-0(4)" x4 2.882(T)
La(Sr)(2)-0(1)* x1 2.6322(9)
La(Sr)(2)-0(2)* x2 2.488(4)
La(Sr)(2)-0(3)" x2 2.541(4)
La(Sr)(2)-0(3)* x2 2.426(3)
La(Sn)(2)-04)* x2 2.598(6)
La(Sr)(2)-0(4)° x 1 2.676(6)
La(Sr)(2)-0O(4)* x 1 2.925(7)

Note. Symmetry codes: “x, y, 2; ¥ —y, 1, z: © ¥,
1 —xz

La and Sr may be due to the close ion radius
of 12-coordinate strontium (1.58 A) to lan-
thanum (1,50 A), while barium (1.75 A) is
far larger than these cations.

Distances between metal and oxygen
atoms are shown in Table II (see also Fig. 6).
All values are compatible with those usually
observed in cuprate oxides. The Cu(1)Oq
octahedra are somewhat compressed along
the ¢ axis, as usually observed, and the
Cu(2)O; pyramids have four shorter Cu-O
distances (1.83-2.03 A) and one longer
Cu-0 distance (2.26 A) which is trans to
the oxygen vacancy. La(Sr}(1) (1(d) site) is
surrounded by twelve oxygen atoms which
are located in the average distances
(0(2):2.87 A x 8,0(4):2.88 A X 4). These
close values contrast with the slightly
different distances in LaBaCusO;,,
(0(2):2.93 A, O(4):3.06 A), where the 1(d)
site is occupied by a larger barium ion, and
oxygen atoms in the 4(k) site (O(4)) lie far-
ther apart from this cation and are no longer
right over Cu(2). The arrangement of oxy-
gen atoms around La(Sr)(2) is more interest-
ing because it is distorted according to the
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oxygen vacancy. O(2) and O(3) move to the
vacancy (Fig. 6) and this polyhedron has
four La(Sn-O distances (2.43 and 2.49 A)
shorter than the other eight (2.60-2.94 fg\).
And because of this distortion, CuO, octa-
hedra and CuQ; pyramids rotate in direc-
tions opposite each other (Fig. 6).

The resistivity data of the O,-sintered
(x = 0.1666, 0.2000, 0.2381, and 0.2500)
and -HIP (x = 0.1666) samples are shown
in Fig. 7. All samples are mostly metallic
(the anomaly for x = 0.1666 near 40 K is
due to the superconducting second phase,
which can be negligible in amount). The re-
sistivity of (La, __Sr,)3Cug0,4 (O,-sintered)
tends to decrease with increasing strontium
concentration, And the anomaly for x =
0.1666 around 230 K shifts to higher temper-
ature with decreasing strontium concentra-
tion in agreement with Tamegai's results
(150 K for x = 0.2000, 200 K forx = 0.1838)

F1G. 6. Schematic projection of the framework of
(Lag g13350y (666}sCsOy; onto the (001} plane. Large
shaded and small closed circles mean the cations La(Sr)
and Cu, respectively. Large open circles stand for oxy-
gen atoms, while small open ones represent oxygen
vacancies. Thin lines represent tdeal cubic perovskite,
Each atom is located off the ideal position, and oxygen
atoms (O(2) 2nd O(3)) move toward the oxygen vacancy
(arrows). CuQy octahedra and CuQs pyramids (repre-
sented by thick lines) rotate in the opposite direction
from each otherin accordance with these oxygen move-
ments (curved arrows).
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FiG. 7. Temperature dependence of electric resis-
tivity for each O,-sintered and -HIP sample. Oy-sin-
tered: x = 0.1666 (solid line), 0.2000 (small dotted}),
0.2381 (large dotied), and 0.2500 (dashed); O,-HIP:
x = 0.1666 (dashed-dot). An anomaly around 40 K
for the Oy-sintered (x = 0.1666) is caused by small
quantities of a superconducting second phase. Mea-
surements down to 5 K show no evidence of supercon-
ductivity for any of the compounds above.

(8). The oxygenated (Lag 8333570, 1666)sCusO 5
is free from this anomaly as well as La,Ba
Cus0 4 but this anomaly has been observed
in the monoclinic reduced La,BaCu;O,,
(7). The average valence of copper is af-
fected by both strontium concentration and
oxygen content. We have no explanation for
the anomaly of the resistivity curves but it
can be said from these results that the lower
carrier concentration or the lower average
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Fic. 8. Magnetic susceptibility of (Lag i3Sty eee)s
Cu;0; as a function of temperature.
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valence of copper would be responsible for
the anomaly.

The temperature dependence of the mag-
netic susceptibility of (Lag 4133577 1666)sCUsO 3
is shown in Fig. 8. It shows the same Pauli
paramagnetic nature and weak temperature
dependence as other strontium or barium
cuprates, 8—~8-20, 2-1-2-6 and 4-1-5 (I0).
The increase as decreasing temperature is
due to the existence of the magnetic impu-
rities.

4. Concluding Remarks

We have succeeded in synthesizing a
new phase (La,_,Sr,);Cus0y; (x = 0.1666)
in the La—Sr—Cu-0O system by annealing
(La; ,Sr,);CusOy (x = 0.1666) under high
O, pressure. This new compound has the
same structure as La,BaCu;0, but lantha-
num and strontium in the structure are
distributed in a disordered manner, in con-
trast to the case of La and Ba in La,Ba
Cu;045. This difference between these two
compounds may be caused by that of the
ion radii between strontium and barium.
This result suggests that the structure of
5-5-13 (VSa, x V3a, x a,) would de-
pend on the oxygen content rather than
the concentration ratio of La and Ba or
Sr. The wide solid solution region In
La-Sr-Cu—O system may be due to the
similar ion size of strontium to that of
lanthanum. Now we are researching the
single phase range of the 5-5-13 compound
with varying x and oxygen deficiency of
the 8-8-20 compound.
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