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The 8-8-16 + & phase {((La,_,Sr)sCugO 5.5 x = 0.70 to 0.80}
was investigated precisely. The oxygen content increases with in-
creasing partial pressure of oxygen, for example, x = 0.75; é =
0.08 (annealed under Ar at 810°C), & = 0.27 (quenched from
1050°C in air; as-prepared), & = 2.29 (annealed in O, at 800°C),
and § = 2.54 (treated under O, at high pressure (300 atm)). X-
ray diffraction study, however, disclosed that there are two distinct
phases, an oxygen-poor phase (6 = 0.0: the 8-8-16 phasc) and an
oxygen-rich phase (6 = 2.0: the 8-8-18 phase); as-prepared samples
were a mixture of these two phases. These results disagree with
those in the literature: 8 = 0.0 for as-prepared and & = 1.6 for
O,-annealed. Structural refinements for the 8-8-16 and the 8-8-18
phases were carried out with x = 0.775 samples by the powder
X-ray Rietveld method. They revealed oxygen insertion into the
interstitial positions on the basal “Cu—0O plane” in the 8-8-18
phase. Electrical resistivity data show semiconductor-like (8-8-16
phase)} or metallic (8-8-18 phase) behavior. The weak temperature
dependence of their magnetic susceptibility can be substantially
explained by Pauli paramagnetism. © 1995 Academic Press, Inc.

1. INTRODUCTION

The La~Sr-Cu-(Q system has been extensively investi-
gated during the past decade since it includes some super-
conducting phases as well as the La~Ba-Cu-0 and the
Y-Ba—Cu-QO systems. Aclually, two phases in the
La-8r-Cu-0 system, (La,_,Sr.},CuO,.;, (the so-called
2-1-4 phase, 1) and SrCuQ, (2, 3), have been known to
show superconducting behavior. The former contains a
single CuQ), layer in the structure and strontium doping
or oxygen nonstoichiometry lead to a superconductor
with 7, = 40 K (4, 5), where exira oxygen atoms arc
known to be inserted into the interstitial positions between
La-0 layers. The latter, which we call the 1-1-2 phase,
crystallizes in an orthorhombic unit cell under ambient
conditions {6) and shows a structural phase transition to
the infinite layer structure under high pressure and high
temperature. The latter form contains infinite CuQ; planes

isolated by Sr layers and shows superconductivity be-
cause of defects in the Sr- or CuQ, layers.

Before and during these studies on superconducting
objects, some other metallic or semiconducting but not
superconducting compounds have been found and charac-
terized by Raveau and co-workers (7, 8), De Leeuw
et al. (4), and Fu et al. (9) in this system, Those are
(La, _ . Sr)2Cuy O, (x = 0.3333 to 0.38; the 3-2-6 phasce),
(La,_,Sr);Cu,05.4,5 (x = 0.62 to 0.65; & = 0.3 for x =
0.6333; the 3-2-5.5 phase), (La,;_,Sr,)gCug0, (x = 0.16 t0
0.24; the 8-8-20 phase) and (La, _,Sr,)3Cug046, 5 (x = 0.75;
& = 0.0 and 1.6; the 8-8-16 + & phase). The structures of
these cuprates are closely related to that of perovskite,
where the ordering of oxygen vacancies and various oxy-
gen coordinations around copper are the characteristics.
The 3-2-6 phase, which is usually called the 2126 phase,
has a two-dimensional structure containing CuQ, planes
as a result of peculiar omitting of oxygen atoms around
Sr(La), and shows oxygen nonstoichiometry according to
these oxygen atoms. The 3-2-5.5 phase was first found
for Sm, Eu, and Gd by Nguyen et al. (10), and recently
for La (4), and its structure is essentially based on that
of the 3-2-6 phase; oxygen vacancies, however, are dis-
tributed in the CuO, planes as well.

In comparison to these two phases on the (La + Si):
Cu = 3:2 line, the other two phases on the (La + Sr):
Cu = ]: 1 line, which we call the “*perovskite line,”” the 8-
8-20 and 8-8-16 + & phase have more three-dimensionally
characterized structures owing to the considerable distri-
bution of oxygen vacancies on the basal CuQ, plane (8,
11, 12). La and Sr atoms in these phases are statistically
distributed because of the similarity of the ionic radii of
these two cations (13). Oxygen content of the 8-8-20 phase
is unchangeable with both strontium concentration x and
temperature; annealing it under oxygen at high pressure
does not result in the insertion of extra oxygen atoms into
the vacancies but results in the structural transition into
the 5-5-13 phase ((La,_ . Sr,)sCus0,5, x = 0.1666, 13) with
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an increase in oxygen content. Recently another oxygen
deficient phase (La,_, Sr,)sCu,0, (x = 0.135 to 0.15; the
4-4-10 phase) was found (14) to be the low-temperature
form of the 8-8-20 phase and to have a different manner
of oxygen-vacancy ordering in spite of the same metal-ox-
ygen ratio, The 8-8-16 + & phase was first found by Fu
et al. (9) as an oxygen-deficient perovskite, where & is
0.02 for the air-quenched sample and 1.56 for the air-
annealed sample, and their unit-cell size is almost the
same as that of the 8-8-20 phase. Structural refinements
were first carried out by Fujishita et al. (15) using X-ray
diffraction patterns in the space group P42,2 and P42,m.
Recent reports by Fu et al. (11, 12) on these structures
using electron and neutron diffraction, however, contra-
dict Fujishita’s results and require that the space group
is P4/mbm for both § = 0.02 and 1.56.

As mentioned above, we studied the phases on the
perovskite line and recenily discovered two new phases,
the 5-5-13 phase and the 4-4-10 phase. Besides these inves-
tigations on the Sr-poor region, we are now researching
the Sr-rich compound 8-8-16 + 3. We obtained, however,
somewhat different resuits from these reported in the liter-
ature. The oxygen contents (x = 0.75) were 8 = 0.27 and
2.29 for liquid Ny-quenched and O,annealed, respec-
tively. In this brief report, we describe the reason for this
discrepancy and describe their refined structures using
X-ray diffraction patterns and show the relations between
oxygen deficiency and structures. The changes in electri-
cal and magnetic properties with various strontium con-
centrations and oxygen contents are also reported.

2. EXPERIMENTAL

All samples were prepared by solid state reaction in an
alumina crucible covered with platinum foil from appro-
priate mixtures of predried La,0,, SrCO;, and CuO in a
ratioof (1 — x)/2:x:1(x=0.70,0.725, 0.75, 0.775, 0.80).
Heat treatments were carried out mainly according to the
method of Fu et al. (9). The mixtures were first decarbon-
ated in air at 900-950°C for several hours. Then the pow-
ders were reground, pressed into pellets, sintered in air
at 1050°C for 3 hr, and quickly quenched in liguid N,.
This procedure was repeated once more in order to obtain
a more homogeneous phase (as-prepared). The quenching
or cooling conditions (mainly cooling rate and atmo-
sphere) influence the oxygen content and the phase homo-
geneity (15); we also tried other kinds of cooling methods
(see Results for details).

The as-prepared samples were then annealed in the
three kinds of atmosphere: Ar, O,, and O, high-pressure.
Annealing in flowing Ar gas (purity >99.9999%) was per-
formed at 810°C for 10 hr and the samples were cooled
to room temperature as quickly as possible (in about 30
min; Ar-annealed). Annealing in flowing O, gas
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(>>99.9995%) was carried out at 800°C for 2 hr; then the
samples were very slowly cooled (30°C/hr) to room tem-
perature in the furnace (O,-annealed). The high-pressure
treatment was performed in a non-isostatic manner. The
gold tubes containing the samples were put into the high-
pressure vessel, and the high-pressured oxygen gas
(120-140 atm) was let into it. Then the vessel was put
into the furnace and heated to 600°C in 1.5 hr. The pres-
sure rose over 300 atm during the heating. This condition
was kept for 2-3 hr. Then vessel was cooled quickly by
taking it out of the furnace (Q,-high pressure).

Powder X-ray diffraction patterns were collected using
aMac Science MXP* system with a rotating anode gener-
ator and a monochromator of single crystalline graphite
for CuKa radiation with a step of 0.02°, Rietveld refine-
ment was made by the analysis program RIETAN (16)
using the XRD profiles in the range 26 = 10 to 106° for
Ar-annealed and 18 to 114° for O,-annealed and O,-high-
pressured. Some regions showing small peaks which
could be assigned to the known impurities were excluded
in the calculation (see Results).

The oxygen contents and nonstoichiometry were ob-
tained by thermogravimetric and differential thermal anal-
ysis using a Mac Science TG-DTA 2000 assembly under
varipus atmospheres. The weight loss by heating in the
diluted hydrogen gas (10% H,/He) to 900 to 950°C (15°C/
min) gives the composition of oxygen assuming that the
compound is finally decomposed and reduced into a mix-
ture of Cu-metal, SrO, and La,0,. Other conditions of
the heat treatments are described in Results.

Electricai resistivity measurements were carried out by
the four probe method in the range 5 to 280 K at 1 K
intervals. Magnetic susceptibility was measured by the
conventional Faraday method with H,,, = 11.8 kOe in
the temperature range 4.2 to 300 K.

3. RESULTS AND DISCUSSION

Phase Relations and Oxvgen Contents

As already reported in the published literature (4}, at
950°C under 1 bar of oxygen those regions around x =
0.75 in the formula (La,_, Sr,)CuO, are triphasic with the
1-1-2 phase, the 3-2-6 phase, and with (La, _,Sr,),Cu,,0y
{the 14-24-41 phase (17, 18)). The 8-8-16 + & phase is
synthesized at higher temperature (1050°C) in a more re-
ductive atmosphere (air). Reheating at 1025°C in O, re-
sulted in the decomposition into the three phases cited
above, In the literature, the oxygen content was reported
to be 6 = 0.02 for the air-quenched sample (the 8-8-16
phase), and & = 1.56 for the air-annealed sample (for the
8-8-18 phase, sce below). It was also described that the
air-quenched sample contains the 8-8-18 phase as a little
impurity. Therefore we adopted quick quenching in liquid
N, as the cooling method in order to minimize the contami-
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FIG. 1. The changes of the oxygen content of the as-prepared
(Lag 25519 5)4Cug0 5. in Ar (solid line) and O, (dashed line), and the Oy
high pressured (Lag 258t 75)5Cug0 554 in O, (dots). Heating and cooling
rates were at 10°C/min for Ar-annealing and 10°C—1°C/min for O;-an-
nealing; temperature was kept at 810°C for 10 hr and at 300°C for 2
hr, respectively.

nating low-temperature phases and to avoid oxygen con-
tact. We obtained, however, the oxygen content 8§ = 0.27
(x = 0.75) for the as-prepared sample, which is much
larger than the value of 0.02 reported in the literature.
The samples cooled more slowly to room temperature
showed far larger oxygen contents; § = .64 for the air-
quenched on a cool alumina boat and § = 1.44 for the air-
cooled with a hot alumina boat. The larger the oxygen
content, the greater was the amount of the 8-8-18 impurity.

Because the 8-8-18 phase can be considered to be the
oxygenated form of the 8§-8-16 phase (12), we tried the
thermogravimetric analysis (TGA) of the as-prepared
sample (x = 0.75) in pure Ar atmosphere and obtained
the weight-loss curve with a heating rate of 10°C/min at
constant temperature of 810°C for 10 hr. The results are
shown in Fig. 1. The weight decrease began around 650°C
and was completed after holding the temperature at $10°C
for about 3 hr. We obtained the oxygen content § = 0.08
for this Ar-annealed sample and no contamination by the
8-8-18 phase was observed by powder XRD. Such areduc-
tive atmosphere (Ar) is necessary in order to obtain the
pure 8-8-16 phase described above and we think that the
reported oxygen content § = 0.02 (9) for the air-quenched
was due to the misestimation of its authors.

Figure 1 also shows the weight increase of the as-pre-
pared sample in O,. The heating and cooling rate were
10°C/min and 1°C/min, respectively, and temperature was
held at 800°C for 2 hr (O,-annealed). The sample begins
to capture oxygen at around 40)°C, and the weight in-
creases to 6 = 2.10 by 600°C and then slightly decreases
to 8 = 1.99up to 800°C. Finally, the oxygen content comes
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to & = 2.29 after slowly cooling to room temperature.
This TG curve is consistent with a structural transition
of the 8-8-16 phase into the 8-8-18 phase. The obtained
oxygen content 8 = 2.29 also disagrees with the literature
value of 1.56. We think this is also due to the misestima-
tion of its authors. Moreover, the difference between the
oxygen content of the as-prepared sample and that of the
O -anneated sample (Ad) is important; A8 = 1.54
{= 1.56~0.02) in the literature and A8 = 1.65 (= 2.29-0.64)
for our results. This similarity between their and our A8
values suggests that their misestimation of the oxygen
content of the as-prepared sample resulted in misestima-
tion again for the O,-annealed sample.

The more oxygenated sample (O,-high pressure) with
x = 0.75 gave the oxygen content of 18.54, and the XRD
pattern for this sample was very similar to that of the O,-
annealed. These observations mean that the structural
phase transition is not induced by high oxygen pressure
and that extra oxygen atoms are randomly inserted into
the structure; no additional superstructures were ob-
served. The 8-8-18 phase shows oxygen nonstoichiome-
try, which is in contrast to the phase transition of the §-
8-20 and 4-4-10 phases into the 3-5-13 phase by the same
condition (13). These extra oxygen atoms are released at
400-600°C (Fig. 1, dots), and the composition of the sam-
ple becomes § = 2.29,

Our observations above revealed two distinct phases,
the 8-8-16 phase (§ ~ (1.0} and the 8-8-18 phase (§ = 2.0),
and the samples with 0 < & < 2.0 are the mixture of
these two phases, The 8-8-18 phase thus shows oxygen
nonstoichiometry in the oxygen-rich side. TG analysis of
the 8-8-18 phase in O, showed a reversible weight change,
that is oxygen loss and gain, with a step of around & =
2.05 to 2.10 at 550°C. Of course, under Ar atmosphere,
the 8-8-18 phase lost weight to produce & = 0.0.

The TG curve of the 8-8-18 phases at higher temperature
was reported for the air-annealed sample ““(Lag 581 7¢)g
CugOr° (9), which shows a weight decrease to
H(Lag 25819 75)sCug0ys0”° at 900°C. As already stated
above, the O,-annealed sample has a formula (Lag 5551, 75)
CugO45 5, and so the profile given in the literature is con-
sidered to be curve shifted —0.6 to —0.7 in the
&-direction. Figure 2 shows the weight change of
(Lag 15514 75)sCUg044 5 in air (solid line) and in O, (dashed
line) with a heating/cooling rate 10°C/min. Each line
shows a step of around & = 2.10 at 620 to 65G°C as de-
scribed above, which is not clear in the literature, and a
rapid decrease from 800°C, The minimum values are § =
0.51 (in air, at 1025°C) and & = 0.72 (in O,, at 985°C).
The upturn in O, can be assigned to decomposition into
the 3-2-6, 1-1-2, and 14-24-41 phases and indicates instabil-
ity of Cu(l) in the 8-8-16 phase. Actually this upturn was
not clearly observed in the more reductive atmosphere,
air. The change of the oxygen content is A& = 1.78 (in
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FIG. 2. The changes of the oxygen content of the O,-annealed
(Lay 25500.50sCUg01p 20 In air (solid line) and in O, (dashed line). The
sample was heated and cooled at a rate of 10°C/min.

air} and 1.57 (in O,), and these values are close to that in
the literature (1.6), This similarity indicates that both we
and Fu et al. use the same air- or O,-annealed sample. In
our opinion, however, the oxygen content never reaches
é = 0.0 in air.

Oxygen contents of the 8-8-16 and 8-8-18 phases with
both heat treatments and strontium concentration are
summarized in Fig. 3. The strontium-poor (x = 0.7) and
strontium-rich (x = 0.8) samples were contaminated by
the low-temperature phases, the 3-2-6 phase and the 1-1-
2 phase (and the 14-24-41 phase) respectively, which were
observed by XRD as very small peaks but ignored in
the foliowing discussion. This diagram shows the great
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FIG. 3. Oxygen contents vs strontium concentration in (La,_,Sr,)g
CugOyg. 50 Ar-annealed (squares), Os-annealed (triangles), and O,-high
pressure (circles). Dotted lines show the linear fit,
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change of oxygen contents from the 8-8-16 phase (5 =~
0.0} to the 8-8-18 phase (8 = 2.0}, which is in contrast {o
the natrow oxygen-nonstoichiometry ranges of the other
oxygen-deficient phases, the 8-8-20 and 4-4-10 phases (14).
This difference can be considered to come from the oxy-
gen deficiency. The 8-8-20 and 8-8-16 + & have the similar
sized unit cell =<2V2a, X 2V2a, x a, and the 4-4-10 has
half its size, where a, is the lattice parameter of an ideal
cubic perovskite. The amounts of oxygen vacancies, how-
ever, are very different among these phases: 16.7% for
the 8-8-20 and 4-4-10 phases and 33% for the 8-8-16 phase,
where (La, SnCuQ; is assumed to be the completely
packed formula. Additional oxygen atoms can be inserted
more easily into the 8-8-16 structure than the 8-8-20 or
4-4-10 one because of the larger oxygen deficiency of
the former.

Besides being variable owing to heat treatments, the
oxygen contents also depend on the amount of strontium,
that is, the farger the strontium concentration, the smaller
is the amount of oxygen. This behavior of oxygen nonstoi-
chiometry in the 8-8-16 and 8-8-18 phases can be due to
charge compensation for strontium doping. The oxygen
content of each sample can be roughly calculated by the
linear fit; 8 = 3.08 — 4x (Ar-annealed), 5.24 - 4x (O,-
annealed) and 5.60 — 4x (O,-high pressure). Conversely,
by assuming that the respective oxidation numbers of La,
Sr,and O are +3, +2, and —2, the oxidation number of
copper can be calculated as 1.77 for Ar-annealed, 2.31
for G,-annealed, and 2.40 for O,-high pressured, although
the O,-high pressured with x = 0.80 exhibits a large devia-
tion of 2.45. These behaviors are quite different from
those of the 8-8-20 and 4-4-10 phases, where the formal
oxidation state of Cu, rather than the oxygen content,
changes with strontium concentration. The change in oxy-
gen content for the sake of charge compensation can also
be accommodated by the high oxygen deficiency of this
phase relative to the other perovskites.

Rietveld Refinement and Structural Properties

The refined structure of the 8-8-16 + § (6 = 0.0, 1.6)
phases have already been described in several published
reports (11, 12, 15), but there are some faults in them,
including incorrect space group, misestimation of oxygen
contents, and coexistence of oxygen-poor and -rich
phases. Therefore we show our refinement results using
reliable samples.

Figure 4 shows the lattice constants of the samples,
x=070 to 08, Ar-annealed, O,-annealed, and
Ozhigh pressured, in an orthorhombic unit cell =2
\/2_ap ® 2\/'51, X a,, where the lattice constant a de-
creases and ¢ increases with increasing oxygen content,
but variations with strontium concentration are small, The
most homogeneous phases were obtained with x = (.775



494

nosfg o o a o
11.00} b
»3 10.95) -
= 10.90F -
W8 & & 8 &
1080 ., .,
1
n s 8 & 8 4
< 370k 1
¥ 3.65k
M (w| o o af 8]
3.60 -
0.70 0.75 6.80

X in (La,,Sr,)gCugOy6.0

FIG. 4. Strontium-concentration dependence of lattice constants a
and c of (La,_ ,Sr,}3Cug0y 51 Ar-annealed (squares), O,-annealed (trian-
gles), and Os-high pressure (circles).

so we used them for refinements. A very small amount
of impurities, however, remained and could never be re-
moved, and so some peaks were omitted from the calcula-
tions; 29.70°-30.10° and 31.5°-31.8° (1-1-2 phase) for Ar-
annealed; 29.60°-29.8°, 31.50°-31.80° and 34.26°-34.60°
(1-1-2 phase), 31.80°-32.40° (3-2-6 phase) for O,-annealed:
30.40°-31.60° (14-24-41 phase) and 31.80°-32.40° (3-2-6
phase) for O,-high pressure. No other peaks which can
be assigned to a superstructure, the ordering of La and
Sr for example, were observed. The systematic absence
of reflections found already in the electron diffraction
patterns (11, 12), A = 2rn + 1 for A00 and h0/, was also
observed for all three samples using XRD, suggesting
three possible space groups; P4/mbm, P4b2, and Pdbm,
corresponding to Fu’s choice rather than Fujishita’s. To
minimize the number of parameters, the most symmetric
space group P4/mbm was chosen at the beginning. Calcu-
lations were started with a fixed overall isotropic thermal
parameter of 1 A2 and the positions of different atoms
were placed as in the ideal cubic perovskite structure
without oxygen vacancies in the same way of the litera-
ture, which is shown in Table 1.

(LﬂolzzsSr()_']?s)gcl[gom_(n (8'8‘16.07). After refinement
of the background, peak-profile and cell parameters and
the scale factor with fixed atomic parameters R; (inte-
grated intensity R-factor) was reduced to 0.3861, which
implies the correctness of the perovskite model. Then
refinement of the La(Sr} and Cu positions reduced it to
0.1858. During subsequent refinement of the occupancies
of oxygen positions, those of O(1), O(2), and O(5) were
found to be low and these oxygen atoms were removed
from further calculations (see also Fig. 6). There removals
are consistent with the oxygen content, and after final
refinement the discrepancy factors were reduced to R, =
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0.0560 (R, = 0.0300, R, = 0.0457, and R, = 0.0637). The
refined lattice constants are a = 11.0464(2) A and ¢ =
3.6390(1) A, which are in good agreement with those re-
ported using neutron diffraction, and the overall isotropic
thermal parameter is 0.18(11) A2. Resulting atomic posi-
tions are listed in Table 1. Then we tried calculations
using the lower symmetric space groups, P4b2 and P4bm.
Refinement with £452, that is, with variable z-coordina-
tions of La(Sr) and O(6), lowered the discrepancy factor
a little (R, = 0.0477) and resulted in slight deviations of
these atoms in the z-direction from their starting positions
(see Table 2). Refinement with variable z-coordinations
of other atoms using the space group Pdbm gave no sig-
nificant changes but larger estimated standard deviations
of atomic positions, so that the results are not pre-
sented here.

(Ldg 115Sro 115)Cug0 5 1 (8-8-18.14). The structure of
(Lay 00581 5)sCug05 1, was refined in almost the same
manner as described above. The occupation factors on
0O(1) and O(5) positions were found to decrease during
the calculation and then these atoms were excluded. The
extra oxygen, (.14 per formula units, is too small to refine
and we neglected it. The refinement converged with the
parameters, a = 10.8420(2) ;\, c=3.7627(1) A, B =10.298)
A? and R, = 0.0328 (R, = 0.0249, R, = 0.0404, and
R,, = 0.0569) and resulting atomic parameters are shown
in Table |. Calculation adopting P4b2 or P4bm as the
space group did not improve the discrepancy factors and
gave no meaningful differences.

(Lag 22587y, 775)3C130 14 55 (8-8-18.55).  In the refinement
of the structure of (Lay 5,551 175)5Cug04 55, the occupancy
of O(1) was quickly lowered to 0; a residue of 0.25(4) too
large to ignore remained on O(5) position. Then we fixed
its occupancy at (.1375 on account of the formula. The
finally converged parameters are a = 10.8386(2) A, ¢ =
3.7705(1) A, B = 0.33(10) A2, and R, = 0.0416 (R, = 0.0291,
R, = 0.0456, and R,,, = 0.0652) and atomic positions are
given in Table 1. Subsequent calculations with the lower
symmetry group never changed the atomic parameters
significantly, but instead made the discrepancy factors
worse. Observed and calculated profiles of the XRD pat-
terns for (Lag 5581, 775)4Cu30 5 55 in the space group P4/
mbm refined above are presented in Fig. 5.

Figure 6 shows schematic relations between the struc-
tures of the 8-8-20, 4-4-10, 8-8-18, and 8-3-16 phases.
Large open circles and polygons stand for the La(Sr)
cations and Cu-0, polyhedrons respectively; small cir-
cles represent oxygen vacancies, shaded circles O(1),
open circles O(2), and closed circles O(5). The full inser-
tion of oxygen atoms into these vacancies gives a perov-
skite composition. Removal of the closed circles results
in the 8-8-20 structure, while the 4-4-10 structure can
be obtained by omitting dashed circles. The number of
oxygen vacancies in these two phases are the same (four
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TABLE 1

Refined Atomic Positions of (Lag 55557 775)5Cu30,64+ 5 (6 = 0.07, 2.14, and 2.55) in the Space Group P4/mbm

Starting positions 8-8-16.07¢ 8-8-18.14° 8-8-18.55°
Atoms x ¥ z Sites x ¥ z x ¥ z X ¥ z
La(Sr) 0.25 Q 0.5 & 0.2397(5) 0.0331(4) 0.5 0.2475(6) 0.0262(3) 0.5 0.2471(7)  0.027(4) 0.5
Cu(l) 0 0 0 2a 0 0 0 0 0 0 0 0 0
Cu(2) 0 0.5 0 2d 0 0.5 0 0 0.5 0 0 0.5 0
Cu(d) 025 075 0 4g 0.2841(8) x+05 0 027146} x+05 0 0.27128) x + 0.5 0
(1) ] G 4.5 2b — — — — — — — — —
0(2) 0 0.5 0.5 2c — — — 0 0.5 0.5 0 0.5 0.5
o 0.25 0.75 0.5 4h 0.313(3) x+ 05 0.5 0.283(2) x+ 0.5 0.5 0.288(3) x + 0.5 0.5
o 0.125 0625 0 4g 0.116(3) x+ 035 0 0.122(3) x4+ 0.5 0 0.125(3) x+ 05 0
o5 0375 0875 0 dg — — — — — — 0.38928) x+ 05 0
0(6) 0.125 0.125 0 4i 0.1043)  0.1393) 0 0.104(3)  0.144(3) 0 0.107(4)  0.1394) 0

Note. Lattice constants: “a = 11.0464(2) A, ¢ = 3.6390() A, ¢ a =
Discrepancy factors: ¢ R, = 0.0560, R, = 0.0457, R,, = 0.0637, R, = 0.0300. * R, = 0.0328, R, = 0.0404, R

10.8420(1) A, ¢ = 3.7627(1) A; < a = 10.8386(2) A, ¢ = 3.7705(1) A.
= 0.0569, R, = 0.0277. ° R, =

0.0416, R, = 0.0456, R, = 0.0652, R, = 0.0291, Overall isotropic thermal parameters: * 0.18(11) A2 2 0.29(8) iz! ©0.33(10) AL

oxygens per unit cell), but the manner of oxygen-vacancy
ordering is different from each other. Removal of the
closed and shaded circles gives the structure of the 8-8-
18 phase, and another omission of the open circles results
in the 8-8-16 structure. In such a manner, the 8-8-20, 8-
8-18, and 8-8-16 structures can be obtained by the stepwise
removal of oxygen atoms from an ideal perovskite compo-
sition. The additional oxygen atoms, however, in the 8-
8-18 phase (O,-high pressure) are placed at the closed
circle position O(5), which does not interfere with making
the 8-8-20 structure.

Several selected interatomic distances calculated from
the atomic positions in Tables 1 and 2 are collected in

2
=
= T (Lag 226870.775)8C 05015 55 -
173
N | P4/mbm
= 1
E | i
E B.—LLL‘L.A.L..—M—:A———-_

hobomaad =
.a L0 0a] {0y und E&EEEUL w il O o Y N B3 D
“E % dr
&
é TS TS FET T TR PR RN TS FT T PN P i
= 20 490 60 80 100

20 (degree)
F1G. 5. X-ray Rictveld refinement patterns for (Lag Sty 775)sCug

O35 in the space group P4/mbm at room temperature. The observed
and calculated data are shown by a continuous and dots, respectively.
The difference between them is shown in the lower portion. The bars
drawn in the middle portion show the positions of the reflection peaks.

Table 3. Structural properties of the 8-8-16 and 8-8-18
phase have already discussed by Fu et al. and our results
with the space group P4/mbm are in good agreement with
theirs. Calculations for 8-8-16.07 in P4b2 give the eight
different values for La(Sr)-0 distances, some of which
are degenerate in P4/mbm, and make us suggest a more
complicated arrangement of oxygen atoms around lantha-
num and strontium. The Cu(2)-0(4} distance in 8-8-16.07,
1.82 A (P4/mbm), and 1.86 A (P4b2) can be compared
with 1.85 A in Cu,0 and 1.80 A in YBa,Cu;04 (19) and
shows the monovalent character of Cu(2); it is somewhat
extended in other oxygenated forms; 1.87 A (8-8-18.14)
and 1.92 A (8-8-18.55). These increases imply the change

FIG. 6. A schematic projection onto the (001) plane of the structure
of the 8-8-16 + & phases. Large open circles and polygons represent
La(Sr} cations and CuQ, polyhedrons. Small shaded, open, and closed
circles represent O{1), 0(2), and O(5) positions, respectively. These
circles stand for oxygen vacancies and the full msertion of the oxygen
atoms into these positions gives the perovskite composition. Dotted
circles are the oxygen vacancies in the 4-4-10 structure.
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TABLE 2
Refined Atomic Positions of (Lay 5557 775)¢C00144 5 (6 = 0.07)
in the Space Group P4b2

Atoms Sites X y z
La(Sr) 8d 0.2396(5) 0.033(4) 0.486(3)
Cu(l) 2a 0 0 0
Cu(2) 2 0 0.5 0
Cu(3) 4z 0.2840(7) x+05 0
o 2b — — —
02) 2d — —

0(3) 4h 0.314(3) x + 0.5 0.5
oM 4g 0.119(3) x + 0.5 0

03 4g — — —
Q(6) 8 0.106(3) 0.136(3) 0.09(1)

Note. Lattice constants: @ = 11.0464(2) A, ¢ = 3.6390(1) A. Discrep-
ancy factors: R; = 0.0477, R, = 0.0447, R, = 0.0615, R, = 0.0300.
Overall isotropic thermal parameters: 0.09(11) A%

of the copper oxidation state to divalent. The Cu(3)—0(3)
distance, which is perpendicular to the x—y plane, in-
creases with increasing oxygen content according to the
expansion of the lattice constant ¢. The decrease of the
Cu(3)-0(4) distance, which is trans to oxygen vacancy,
with ﬁincreasing oxygen content; 2.62 A (8-8-16.07),
2.29 A (8-8-18.14, —13%), and 2.24 A (8-8-18.55, —15%),

OTZSCHI, KOGA, AND UEDA

cannot be explained only by the shrinkage of the a-axis
(about —2%). Actually the Cu(3)-Cu(6) distance de-
creases at a rate of the same order (about —4%) from
2.03 A (8-8-16.07) to 1.94 A (8-8-18.14) or 1.95 A (8-8-
18.55). The larger decreasing rate (— 13% to — 15%) of
the Cu(3)-0O(4) distance is caused by the random occupa-
tion by the extra oxygen atoms on O(3) site. The longer
distance between the central atom and apical oxygen in
the pyramidal coordination results from unequal electron
occupancy of the d,2 and d,2-,2 orbitals (20, 21) and
this distortion can be relaxed with the octahedral-like
arrangement by additional oxygen. In addition, the simi-
larity of this distance in 8-8-18.14 (2.29 A) to that in 8-8-
18.55 (2.24 A) in compartson with that in 8-8-16.07 (2.62
A) makes us presume a considerable oxygen occupancy
on the O(5) site in 8-8-18.14, which was neglected in the
Rietveld calculation. As a matter of fact, the occupancy
of O(5) in the Rietveld refinement of (Lay Sty 75k
Cug0y5,4 did not readily decrease, while that of O(1)
quickly converged near to 0.

Electrical and Magnetic Properties

Metallic behaviors of air-quenched ‘“‘(La,,sSry7s)g
Cug0,” and air-annealed “*(La, ;5510 75)sCug0,; 4" have
been already reported by Fu et al. (9) and Fujishita et al.
(15). The slight upturn in the resistivity below 100 K has

TABLE 3
Interatomic Distances in (Lag, 55510 77sCgO1g45 for & = 0.07, 2.14 and 2.55 (A)
8-8-16.07 8-8-16.07 8-8-18.14 8-8-18.55
in P4/mbm in p4b2 in P4/mbm in P4/mbm
Cu(10-0¢8) LO17(5) x4 1.931(6)° x4 19236y x4 1.900(8Y x4
Cu(2)-0(2) — — 1.881{1)" x2 1.885(1)° 2
Cu(2)-0{4) 1.817(7* x2 1.859(7)° x2 L871(M* x2 1.920(9)¢ x2
Cu(2)-045) — — — 1.70(6)° x2
Cu(3)-0(3) 1.875(y %2 L8772y X2 1.8901(5)* x2 1.902(1¥ 2
Cu(3)-04) 2.620(7)* =1 2.578(7)  x1 2.290(7)° x1i 22359 x1
Cu(3)-0(3) — — — L8L6¥ x1
Cu(3)-0(6) 2.025(5% %2 2.064(6)F x2 1.935(6)> x2 1.949(8)* x2
La(Sn-0{(2) — — 2.752(1)¢ x1 2.756(1) x1
La(Sr)-0(3) 144735 x| 65 x1 2.808(4) x| 2.849(4)° x|
La(Sr-0(3) 2.562(3)¢ x1 2.554(3) x1 266237 x1 263237 x1
La(Sr)}-0(4) 2.586(2 x2 2.545(2° x1 2.573(1)y %2 2.569(1)¢ x2
2,617 x1
La(81r)-0(5) —_ — — 2.856(1)¢ x1
La(Sr)-0(6) 2.634(3)7 x2 2365061 x1 2753037 %2 27053 x2
2.885(5) %1
La(Sr)-0(6) 2.6133) x2 28296 x1 2.6083) %2 2.656(3) x2
2.455(5%  xI

Note. Symmetry codes for oxygen atoms. “ x, v, z; *y, |l —x, ;1 —y, %, 2;%%x, =1 + v, ;€ 1/2 — x, —1/2 + ¥,
iy, -5 nty, l-x, —5* 12 - x, =12+ y, 2+ Ly 1+ dy, —x, —5;%y, -5, 1 — 1z
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FIG. 7. The temperature dependence of the resistivity p of the Ar-
annealed (solid line), the O,-annealed (dashes) and the O,-high pressure
(dashes with dots) samples with x = 0.775,

been also reported for air-quenched sample. Aside from
the measurements of the O,-annealed samples, these ob-
servations on air-quenched samples are unreliable be-
cause of their inhomogeneity as described above.
Figure 7 shows the temperature dependence of resis-
tivity p of the 8-8-16 phase; x = 0.775. At first glance,
this phase is not metallic but shows semiconductor-like
behavior. The reported upturn is substantial and results
from this property of the 8-8-16 phase, and the increase
in the reported resistivity at higher temperature shows
vividly the contamination by the oxygenated phase (8-8-
18) in their samples. Fitting the resistivity profiles of the
8-8-16 phase (x = 0.7-0.8, data not shown) to the equation
Inp=CT !+ C(C, and C, are fitting parameters) is
not successful throughout the temperature range of the
measurement, but the fit between observed and calculated
profiles using lowest-temperature data (<20 K) is good
and gives decreasing C,’s with increasing strontium con-
centration (see Fig. 8). C, is related to the activation
energy (AF) for semiconductors by AE = Ckyle.
Figure 7 also shows temperature dependence of the

.6

U 1 1 1 1

¥ 53

E 4= Q -

§ 3 8] o -

E? ZF o

S 1 -

E: I i i I L I
070572 0.7a 076 0.75 6.80

Xin (La;,xsrx)sCUSOls,‘\.é

F1G. 8. Fitting parameter C, for the resistivity p (<20 K) of the Ar-
annealed samples with the equation In p = €, 7"! + C;, vs the stontium
concentration (0.70 = x = 0.80). C; % kp/e (kp, Boltzmann constant;
¢, charge of an electron) is related to the energy gap for semiconductors.
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FIG. 9. Temperature dependence of the magnetic susceptibility of
{Lag 255550, 7250Cus0y6 7 {squares), (LagsSTgs)sCugQyg 4 (triangles),
(Lag 23551 775)0sC g0 g 55 (circles), (Lag g Sty 140)4Cu30y (solid line) and
(Lay 333181 166635Cusyy (dashes).

resistivity of the 8-8-18 phase (x = 0.7775, O,-annealed
and O,-high pressure). Both compositions exhibit metallic
behavior. The resistivity tended to increase with increas-
ing x (data not shown), but we cannot estimate their x
dependence because the sinterability is different from
sample by sample. In addition, the O,-high-pressured
sample with x = 0.80 showed a somewhat strange curve:
a linear decrease with increasing temperature (data not
shown), which we also cannmot explain, but we consider
that a somewhat large oxygen content {18.60) and a largely
deviant copper valence (2.45, see Phase Relations and
Oxygen Contents) have something to do with it.

The magnetic susceptibility vs temperature curve for
the 8-8-16 (x = 0.773) is shown in Fig. 9. The data for the
other compounds, the 4-4-10 (x = 0.1429) and the 5-5-13
(x = 0.1668), which have been recently reported by us,
are also presented in the same figure. Each shows a slight
temperature dependence above 100 K and an abrupt up-
turn in the lowest temperature range. These characteris-
tics of the profiles may result from a large part showing
Pauli paramagnetism contaminated by a small amount
showing Curie—Weiss behavior. Then we tried to fit the
observed profiles with the function

x(My=CHT + 8) + % + x:T.

The first term shows the Curie—Weiss law and x, gives
other temperature-independent parts; x, was added to
reflect the small temperature-dependence. The converged
fitting parameters are collected in Table 4. The Curie
constant C is proportional to the number of spins, and is
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TABLE 4
Magnetic Susceptibility Data
Compounds C {emu - K/mole) 8 (K) xp (emu/mole) x; {emu/K - mole)
(Lag 25815 775)CusO .47 0.397 % 1073 3.02 0.030 % 1073 0.19 x 107
(Lag 12487y 775CugO g 14 0.701 x 1073 2.25 0.03% x 1073 -0.14 x 1077
{Lag 25570 775)¢Cu30 5 55 4.070 x 1073 8.10 0.038 x 1073 -0,15 x 1077
(Lao_357lsrn_l429)4CU4010 1.583 x 1073 4.16 0.073 x 10_3 0.87 x 10-7
(Lag g1135rg 1666}sCus05 0.913 x 107} 1.07 0.085 x 1073 -0.24 x 1077

calculated to be 0.375 for 6.02 x 10% of spin—1/2 mo-
ments with a g-factor of 2. All the calculated Curie-parts
are less than 0.5%, so that the upturn (<50 K) can be due
to this negligible paramagnetic impurity.

The relatively low values of the temperature indepen-
dent x, term of the 8-8-16 and 8-8-18 phases (0.030-0.039
x 107? emu/mole) compared to those of the 4-4-10 and
5-5-13 phases (0.073-0.085 x 103 emu/mole) indicate a
decrease in the state density at Fermi energy in these Sr-
rich compounds, since the Pauli paramagnetic term is
proportional to it.

4. CONCLUSION

{La,_,Sr)yCug04, s can be synthesized for x = (.70 to
0.80 at 1050°C in air. This is the high-temperature phase
over the triphasic region of the (La;_ Sr,);Cu,0,
SrCu0,, and (La,_, Sr.},,Cu,,0,, phases, so that quench-
ing as quickly as possible from 1050°C is needed in order
to obtain the homogeneous phase. Two distinct phases
are isolated: the oxygen-poor 8-8-16 phase and the oxygen
rich 8-8-18 phase. As-prepared samples are the mixture
of these two phases and it is necessary to anneal it under
Ar at 810°C in order to obtain the pure 8-8-16 phase. The
8-8-18 phase shows oxygen nonstoichiometry around
o = 2.05-2.10 and, by oxygen high-pressure treatment,
additional oxygen atoms are inserted into interstitial sites
in the basal Cu-O plane rather than into apical positions.

The 8-8-16 phase shows semiconductor-like behavior,
while the 8-8-18 phase exhibits metallic resistivity. The
magnetic susceptibility data show the Pauli-paramagnetic
nature of these phases.

We are now investigating the monophasic oxygen con-
tent of these two phases using in situ XRD observation
at high temperature.
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