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We have studied the

relationship between

structural defects and superconductivity in

La, 4Sr,Ca;,_,CuyO4_5 (0=x =0.8). The samples were prepared by synthesis under different oxygen
pressures, P(O,)=50, 250, and 400 atm. Six of the seven samples were found to be superconducting with
22=T,=58 K. The structural properties were determined by neutron powder diffraction. The inter-
CuO,-plane spacing, dc,.cy, increases as Ca on the M (1) site between these planes is replaced by the
larger Sr and La ions. The metal-site ordering is influenced by the oxygen pressure during synthesis. We
have used the inter-CuO,-plane spacing, neutron-diffraction measurements of the scattering from the
metal sites, and chemical constraints to determine the occupancies of La, Sr, and Ca at the M (1) site.
For the same overall composition, higher oxygen pressure leads to a larger fraction of La on the M (1)
site. Oxygen occupancy of the vacant O(3) site in the M (1) plane increases sharply when d¢,.c, exceeds
3.5A. The superconducting transition temperature 7, decreases systematically as the occupancy of O(3)
increases for samples that would otherwise be expected to be superconducting.

I. INTRODUCTION

The cuprate La,(Ca,Sr)Cu,O4_5 was first synthesized
and its crystallographic structure solved in 1980.! It has
a tetragonal structure (Fig. 1) which belongs to the space
group I4/mmm.? The structure consists of two mirror-
paired CuO,-based pyramidal layers, and layers of non-
copper metals M (1) (see Fig. 1) at the mirror plane and
M (2) at (approximately) the plane of the apical oxygen
site O(2). The entire crystal is obtained from this five-
layered module by repeated application of the body
centering translation (Fig. 1).> This five-layer module
(which contains two layers of CuQO,) serves as a building
block in the structure of the “two-layered” high-T, oxide
superconductors.* For example, in RBa,Cu;0,_g
(T,~93 K),’ the structure consists of these building
blocks separated by CuO ‘‘single chains,” whereas in
RBa,Cu,O; (T,=~83 K) they are separated by ‘“‘double
chains.”® In TlCaBa,Cu,0, (T,~105 K),*” these build-
ing blocks are separated by a single TIO layer. In
T1,CaBa,Cu,0O; (7,~108 K) and Bi,CaSr,Cu,0q4
(T, =92 K), the building blocks are separated by T1O and
BiO double layers.*” The first superconducting “two-
layered” oxide with these building blocks and without
separating planes or chains, with composition
La, ¢(Sry ,CaCu,04_5 and with T, =60 K, was discovered
in 1990.%

A transition temperature of 60 K is considerably lower
than T,~83-108 K, which had already been found in
the other two-layered cuprates. This motivated numerous
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studies of the different metal and oxygen compositions in
this cuprate in a search of T, higher than 60 K.®~2° The
regions of the metal-composition diagram in which these
cuprates were successfully synthesized are shown in Fig.
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@ 4e M(2) La, Sr, Ca
O 8g o(M)

@ 4e O(2)

3 2b O(3)

FIG. 1. Crystal structure of La, ,Sr,Ca;;, ,Cu,O6_5. The
Wyckoff site designation (Ref. 2) is given. The O(3) site (dashed
circles) is normally vacant. The inter-CuO,-plane spacing
dcy.cu 18 also shown.
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FIG. 2. Metal-composition diagram for
La,,Sr,Ca; ), ,Cu,O¢_5. The regions in which samples were
successfully synthesized are shaded: (=) previous studies, (||])
present work. The samples which were studied in the present
work are represented by square symbols and the corresponding
(Table I) sample number. Open, solid, and dotted symbols
represent samples synthesized at 400, 250, and 50 atm of oxy-
gen, respectively.

2. Superconductivity was found in the Ca-rich region of
the diagram. No superconductivity was found in samples
with no Ca. Except for a single report of a sample with
0.5% volume of superconducting phase with T, at ~75
K (which could be attributed to a minor phase in the
sample),?® no composition was found with T, exceeding
60 K. Hence, at present, La, ,Sr,Ca;,, ,Cu,O4_5 ex-
hibits the lowest T, in its class of two-layered structures.

The results described above were obtained with a large
number of samples with a variety of values for the adjust-
able parameters, which are metal composition, ordering
on the two metal sites, metal-ion size, metal-ion charge
(24 or 3+), overall oxygen content, oxygen occupancy
of the O(3) site between the CuQO, planes, vacancy con-
centration on the O(1) site in the CuO, planes, excess
charge (related to formal Cu valence), inter-CuO,-plane
spacing (dc,—cy ), €tc. An important goal of the study of
La, ,Sr,Ca;;, ,Cu)O4 5 is to determine which of
these parameters influences superconductivity. Since the
parameters are not entirely independent [for example, ex-
cess charge depends on composition, occupancy of O(3) is
related to metal ordering and ion size, etc.], it is difficult
to identify the controlling parameters.

In the present paper we report the results of a sys-
tematic structural study by neutron powder diffraction of
a set of samples where the total metal charge is kept con-
stant. The samples were prepared under different oxygen
partial pressures along a constant La line (La=1.8, Fig.
2). The relationships between structural parameters, su-
perconductivity, and the oxygen partial pressure at which
the samples were synthesized are studied and discussed.
Although it is difficult to draw unique conclusions with
so many possible variables, these results, when combined
with those already in the literature, provide a self-
consistent picture of the relationship between defect
structure and superconductivity in these compounds.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

Six samples of La; 4Sr . Ca; ,_,Cu,0O4_5 were prepared
and characterized at the Basic Research Laboratory of
the Nippon Telegraph and Telephone Corporation
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TABLE I. Chemical formula, oxygen pressure at which syn-
thesized, and 7, (onset, electrical resistivity), for each of the

seven samples used in the present work.
NS =nonsuperconducting.
Oxygen
Sample pressure T,
No. Chemical formula (atm) (K)
1 La; §,Srg00Ca;.13Cu,06—5 400 52
2 La, §Sry,Ca; ¢Cu,O4_5 250 56
3 La,; 4Sry,Ca; ¢CuyO¢-—5 400 58
4 La,; §Srg 4Cag gCu,O4—5 250 51
5 La, 4Sry ¢Cag ¢CuyO¢—5 50 42
6 Lal_SSrOJCaOA 4Cu206,5 50 22
7 La, §Srg 3Cag 4Cu,O¢_5 400 NS
(NTT). A seventh sample with the composition

La, 3,Ca; 13Cu,0¢_5 prepared earlier at the same labora-
tory for a high-pressure experiment was included in the
present study because its La content was nominally the
same. The samples were synthesized with the nominal
compositions listed in Table I from powders of La,0;,
CaCO;, SrCO;, and CuO with purities higher than
99.9%. The synthesis’ included hot isostatic pressing
(HIP) for 100 h at 1080°C in 20% O,+80% Ar atmo-
sphere. Each sample was synthesized at one of the three
oxygen partial pressures: 400, 250, or 50 atm. The oxy-
gen partial pressures used for the specific samples are list-
ed in Table I. X-ray diffraction with Cu K « radiation did
not show lines other than those belonging to the major
phase, except for the pattern for sample No. 7, which
showed weak lines not belonging to the major phase.

Electrical resistivity was measured for specimens taken
from the seven samples using a standard four-probe dc
method (Fig. 3). The onset transition temperatures 7,
deduced from these measurements are listed in Table I.
The width of the transitions [i.e., T(onset)— T (R =0)] is
4-5 and 8-15 K for the samples synthesized at 400 atm
and for the other samples, respectively.
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FIG. 3. Temperature dependence of the electrical resistivity
for the seven samples. The sample number (Table I) is indicated
for each measurement.
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III. NEUTRON-POWDER-DIFFRACTION
MEASUREMENTS

For the neutron-diffraction measurements, the HIP
3

pellets (diameter 2 in. X & in.) were broken into coarse
powder. The coarse powder samples were loaded into
vanadium sample holders. Neutron-diffraction data were
taken for each sample at room temperature on the Spe-
cial Environment Powder Diffractometer (SEPD) at the
Intense Pulsed Neutron Source (IPNS).2 Data collecting
time was about 2 h, except for sample No. 1, for which it
was 3 h.

The IPNS program for Rietveld analysis of the time-
of-flight neutron-diffraction data®* was used to analyze
the pattern for each sample. In this analysis the structur-
al parameters of the sample are refined so that the calcu-
lated pattern will best fit (least squares) the observed pat-
tern. The analysis first performed assuming a single (ma-
jor) phase revealed some weak reflections of a second
(minor) phase in some of the samples. The minor phase
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reflections were found to belong to the oxygen-deficient
perovskite (La,Sr)gCugO,, (space group P4/mbm, lattice
constants a ~2V'2a,, c~a,, a,~3.85 A).® A second
two-phase analysis was consequently performed for the
seven samples. The agreement factors (R,,) of the two-
phase analyses were lower than those of the single-phase
analysis for samples Nos. 1, 3, 4, 5, and 7. It should be
emphasized, however, that the amount of minor phase
was sufficiently small (=2% in the worst case, sample
No. 4) that the refinement results were not significantly
different for the single- and two-phase analyses. The
tetragonal space group I4/mmm was used in the analysis
for the major phase. A chemical stoichiometry con-
straint was put on the total scattering amplitudes of the
noncopper sites M (1) and M (2). This led to a constraint
n(1)+n(2)=const on the occupancies of these sites,
where the constant was sample dependent (see caption of
Table II and discussion in Sec. IV). Occupancies of the
O(2) site, when refined, were found to be equal to unity
within the statistical standard deviations and were there-

TABLE II. Structural parameters for the seven La,_,Sr,Ca; ), ,Cu,O4_s samples. Rietveld refinements were done in the tetrag-
onal I4/mmm space group (Ref. 2). Atom positions are M (1) at 2a (0,0,0), M (2) at 4e (0,0,z), Cu at 4e (0,0,z), O(1) at 8g (0,-;-,2),
O(2) at 4e (0,0,z) and O(3) at 2b (0,0,%) (Ref. 2). Scattering amplitudeso(izn units of 107!2 cm): 0.7719 and 0.5803 were used for Cu
and O respectively (Ref. 26). An isotropic Debye-Waller factor B of 1 (A”) was used for O(3). n represents refined fractional occu-

pancy; where not given n =1 was used.

The scattering amplitudes at M(1) and M(2)

were contrained so that

b(1)+2b(2)=0.827(2—y)+0.702x +0.49(1+y —x). (La,Sr)gCugO,, was included (see text) as a second (minor) phase in the
refinements of samples Nos. 1, 3, 4, 5, and 7. Numbers in parentheses are statistical errors of the last significant digit.

Sample No. 1 2 4 5 6 7
Chemical La, g,Sr9.0Cay. 15 La; §Sr.,Ca;.o La; ¢Sro 2Ca; o La; §Sr0.4Cag. g La; §Srg 6Cag ¢ La; sSr0,8Cag. 4 La; ¢Sro 5Cag 4
formula Cu,04_5 Cu,0¢-—5 Cu,0¢—5 Cu,0¢-—5 Cu,0¢-—5 Cu,04-_5 Cu,04_5
O, pressure (atm) 400 250 400 250 50 50 400
a (é) 3.8206(1) 3.8222(1) 3.8221(1) 3.8264(1) 3.8343(1) 3.8389(1) 3.8366(1)
c (A) 19.4355(2) 19.5324(2) 19.5362(2) 19.6363(2) 19.7427(2) 19.8569(1) 19.8925(2)
V (A3) 283.698(3) 285.355(3) 285.399(3) 287.504(3) 290.248(3) 292.628(3) 292.802(3)
M(1) at 2a b .5 0.502(4) 0.521(4) 0.530(4) 0.553(4) 0.613(4) 0.646(4) 0.674(4)
B (A)) 0.48(4) 0.40(4) 0.37(4) 0.34(4) 0.37(4) 0.47(3) 0.76(4)
M(2) at 4e z 0.1758(1) 0.1762(1) 0.1762(1) 0.1768(1) 0.1774(1) 0.1781(1) 0.1782(1)
b .y 0.791(2) 0.799(2) 0.794(2) 0.804(2) 0.796(2) 0.800(2) 0.786(2)
B (A7) 0.57(2) 0.60(2) 0.65(2) 0.69(2) 0.67(2) 0.82(2) 0.72(2)
Cu at 4e z s 0.584 51(5) 0.58524(5)  0.58554(5) 0.58657(5) 0.58815(5) 0.59865(5) 0.59000(6)
B (A7) 0.29(2) 0.35(2) 0.34(2) 0.40(2) 0.43(2) 0.49(1) 0.58(2)
O(1) at 8g z 0.082 18(5) 0.08215(4) 0.08211(4) 0.08247(4) 0.08261(4) 0.08371(4) 0.08474(5)
n . 0.995(4) 0.988(3) 0.993(3) 0.978(3) 0.980(3) 0.970(3) 0.983(4)
Uy, (10\2) 0.0018(3) 0.0019(3) 0.0017(3) 0.0013(3) 0.0024(3) 0.0034(3) 0.0046(4)
U,, (1} ) 0.0069(4) 0.0073(3) 0.0075(3) 0.0076(3) 0.0075(3) 0.0082(3) 0.0086(4)
U;; (Az) 0.0167(5) 0.0173(5) 0.0173(5) 0.0183(5) 0.0170(5) 0.0222(5) 0.0299(7)
O(2) at 4e z .5 0.7045(1) 0.7039(1) 0.7038(1) 0.7038(1) 0.7035(1) 0.7034(1) 0.7026(1)
Uy, (“;k ) 0.0277(5) 0.0278(4) 0.0284(4) 0.0286(4) 0.0312(4) 0.0327(4) 0.0318(5)
Ui, (A’ 0.0078(6) 0.0077(5) 0.0068(5) 0.0092(6) 0.0071(6) 0.0097(6) 0.0113(7)
O(3) at 2b n 0.015(5) 0.010(5) 0.017(5) 0.030(5) 0.007(5) 0.089(5) 0.145(5)
R, (%): 5.504 5.382 5.178 4.930 5.126 4.772 5.084
Ry (%): 2.760 3.182 3.064 3.103 2.941 3.015 2.873
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Neutron Count (1000 counts)
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FIG. 4. Portion of the Rietveld refinement
profile for sample No. 6. The plus signs (+)
represent the raw time-of-flight neutron-
powder-diffraction data. The solid line
represents the calculated profile. Tick marks
represent the positions of the allowed Bragg
reflections. The background was fit as part of
the refinement, but has been subtracted prior
to plotting. A difference curve (observed
minus calculated) is plotted at the bottom.
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FIG. 5. Refined lattice parameters and unit-cell volume vari-
ation with the Sr content x in La, ¢Sr,Ca,,_,Cu,O4_ 5. The
meaning of the symbols is the same as in Fig. 2. Error bars, tak-
en as the statistical standard deviations from the Rietveld
refinement, are smaller than the symbols and are not shown.

fore set to unity and were not refined in the reported
analyses. A typical refinement included approximately
360 major phase reflections and 26 major phase variables.
A typical Rietveld refined diffraction pattern (sample No.
6) is shown in Fig. 4. A summary of the results of the
refinements is given in Table II.

Lattice constants and the unit-cell volume increase sys-
tematically (Fig. 5) as larger Sr ions replace the smaller
Ca ions in the cuprate. However, the behavior of the lat-
tice constants shows that the oxygen partial pressure dur-
ing synthesis can also affect the structure. This is evi-
denced by samples Nos. 6 and 7, which have the same
overall chemical composition, but were synthesized at
different pressures.

Since it is impossible to determine the distribution of
the three metal atoms La, Sr, and Ca on the two metal
sites M (1) and M (2) from the neutron-diffraction data
alone, we refined the scattering amplitudes for the M (1)
and M (2) sites, assuming full occupancy. Two pairs of
samples which have the same overall metal compositions
(x =0.2 for samples Nos. 2 and 3, and x =0.8 for sam-
ples Nos. 6 and 7) but were synthesized at different oxy-
gen partial pressures show differences in scattering ampli-
tudes which indicate that the metal ordering is influenced
by the synthesis pressure. Higher synthesis pressures
yield systematically higher scattering amplitudes on the
M (1) site. The individual scattering amplitudes are
b(La)=0.827, b(Sr)=0.702, and b(Ca)=0.490. Thus,
from this observation, we conclude that the number of Ca
ions on the M (1) site that are replaced by Sr and/or La
ions increases with synthesis pressure.

IV. ANALYSIS AND DISCUSSION

A. Metal ordering

The Rietveld analysis yields only the refined scattering
amplitudes b(M (1)) and b(M(2)) for the two (non-
copper) metal sites M (1) (2a) and M (2) (4e), respective-
ly (Fig. 1). Except for sample No. 1 (which contains only
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two noncopper metals), the Rietveld analysis is not cap-
able of uniquely determining the fractional occupancies
of the three (noncopper) metals on these two sites. As-
suming that there are no vacancies on the M (1) site, it is
possible to write the following two equations for the frac-
tional occupancies u, v, and w of La, Sr, and Ca of this
site:

utvtw=1, (1)
b(La)-u+b(Sr)v+b(Ca)w=b(M(1)), (2)

where b(La), b(Sr), and b(Ca) are equal to 0.827, 0.702,
and 0.490 (107!2 ¢m),?® and b(M (1)) is equal to the
refined value for the sample (Table II). The correspond-
ing equations for M (2) are not independent (see preced-
ing section) of Egs. (1) and (2) and yield no additional in-
formation. Only in the case of sample No. 1, which does
not contain Sr and therefore v =0, is it possible to
uniquely solve Egs. (1) and (2) for the fractional occupan-
cies. The authors of two previous studies!®!! made the
assumption that Sr does not occupy the M (1) site and
were consequently able to claim a unique solution for Sr-
containing samples. Applying this assumption (i.e., v =0)
to our data yields, for samples Nos. 4, 5, 6, and 7, Ca oc-
cupancies (w’s) in excess of the samples nominal Ca con-
tent (1.2—x). We are therefore able to conclude that the
assumption that Sr does not occupy the M (1) site is in-
consistent with the data of four samples of the present
work and is therefore not justified. It is of interest to
point out that the “converse” assumption, that La does
not occupy M (1), leads to a solution which is consistent
within the uncertainty of the measurements with our
data. But in connecting to previously published results
for samples Nos. 16 and 18 (Table III), this solution re-
quires a sharp increase (decrease) in La(Sr) occupancy as
the La-Sr line (Fig. 2) is approached. Hence, until in-
dependent data supporting such an extreme behavior are
presented, this solution is also excluded.

Since neither u =0 nor v =0 are acceptable, a third re-
lation between u, v, and w, independent of Egs. (1) and
(2), is required to uniquely determine u, v, and w. Sakurai
et al. have used x-ray diffraction in combination with
neutron diffraction to obtain this third relation. !> We ar-
gue here that the distance between the two CuO, planes,
dcy.cu (Fig. 1), can provide the additional information.
Intuitively, one would expect this distance to depend on
the size of the ion (Table III) that occupies the M (1) site.
We assume the linear relation

dcu_cuzuA +uvB +wC 5 (3)

where A4, B, and C are sample-independent constants cor-

TABLE III. M-O bond lengths, in A units, based on crystal
jonic radii (CR) and effective ionic radii (IR), for La*", Sr?™,
and Ca’™, with coordination number = 8 (Ref. 27).

CR IR
La’t 2.58 2.56
Sr2t 2.68 2.66
Ca’? 2.54 2.52
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responding to the effective “‘sizes” of the La, Sr, and Ca
ions at the M (1) site. The observed linear increase of
b(M (1)) (which is itself a linear function of u, v, and w),
with dq,.c, (Fig. 6), is consistent with such a relation.
Using this model [i.e., Eq. (3)], 4, B, and C were found
such that

S [dcu.cul0bs) —d gy cy(cale) *=minimum , 4)

where d ¢, c,(calc) is given by Eq. (3). The sum was eval-
uated for samples Nos. 1-10, 12, 13, 16, and 18 (Table
IV), including the samples studied in the present work
and data from the literature. Samples Nos. 11, 14, 15,
and 17 from the literature were not used in this analysis
because the metal occupancies reported for them were as-
sumed and were not derived from analysis of the
diffraction patterns. In seven samples, u, v, and w were
fixed, since they have been uniquely determined prior to
the present analysis. Six of these samples contained only
two noncopper metals, and the seventh sample was
uniquely solved using a combined refinement of neutrons
and x rays. In the other seven samples, u, v, and w were
allowed to vary, constrained by sample stoichiometry.

The values thus obtaineg for the constants 4, B, and C
were 3.67, 3.82, and 3.26 A. These values are in qualita-
tive agreement with the M-O (M =La,Sr,Ca) bond
lengths based on the (CN =8) ionic radii?’ (Table III).
The quality of the agreement between the calculated [Eq.
(3)] and observed d ¢, ¢, is presented graphically in Fig. 7.
It is believed that the poor agreement with sample No. 18
[dcu.culobs)=3.756 A, Table IV] is due to its exceptional-
ly high occupancy of O(3), which tends to increase
d cy.culobs), an effect which was not taken into account in
our model. The La, Sr, and Ca fractional occupancies of
the M (1) site, u, v, and w, which were obtained through
the use of the present model, are shown in Fig. 8. For
small x (x <0.5), Ca®™" is replaced mostly by Sr**, while
for large x (x >0.5), a considerable increase of La’" oc-
cupancy is observed.

The model used in the present analysis assumes that

O'BS_TI\I TTTT TTTT TTTT TTTT TTTT TTTT1]
\ I \ | N |
@ £ ! =
° o i
g 0.80;— o Y8 ° ® @O_:
£ = 0.755 bM(2) E
= § - 1 23 4 5 6 77
o~ 0.70F 3
= o E o
£ = 0.65F g
© — .|
& ° 0.60F @ E
o C .
2 0.55F b(M(1)) = =
> c ut 3
[ass 0.50*1|L1|<|x1‘|s111t|11||\1i|\||||ulﬁ

3.25 3.30 3.35 3.40 3.45 3.50 3.55 3.60
dCquu(

FIG. 6. Refined scattering amplitudes of the M (1) (squares)
and M (2) (circles) sites vs the inter-CuO,-plane spacing dcy.cy
(Fig. 1). The meaning of the symbols is the same as in Fig. 2.
Error bars, taken as the statistical standard deviations from the
Rietveld refinement, are about the same size as the symbols and
are not shown.
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3.80 e e R o La3" occupancy u of the M(1) site for higher oxygen
E .~ 3 synthesis pressures. Since La has the largest neutron-
3.70 & ) o . . . . R
E o. . scattering amplitude, this result explains the increase of
< 360F 67 3 the scattering amplitude on M (1) with synthesis pressure
— Tk =g . discussed (Sec. III) earlier. Qualitatively, this result is in-
S 350 5 - = dependent of the model (involving d¢, ¢,) that was used
2 £ 4 M ] to obtain it.
3 F e 3
5 38.40 53 -
© F %/' 3 B. Oxygen occupancies
3.30 [ :5’ = .
s ] The results of the Rietveld analyses of the neutron
320 by o b b b ad powder data show (Table II) the existence of vacancies on
3.2 3.30 3.40 3.50 3.60 3.70 3.80

dg, o,(0S) (A)

FIG. 7. Calculated vs observed inter-CuO,-layer spacings.
dcuculcale)=3.67u +3.82v +3.26w, where u, v, and w are the
La, Sr, and Ca occupancies of the M (1) site (Table IV).
dcy.culobs)=[z(Cu)—0.5]c, where z and c¢ are the Rietveld
refined values (Table II). Open, solid, and dotted squares
represent samples of the present work (Nos. 1-7), synthesized at
400, 250, and 50 atm of O,, respectively. Samples of other stud-
ies (Nos. 8, 9, 10, 12, 13, 16, and 18, Table 1V) are represented
by circles.

the M (1) site is fully occupied [see Egs. (1) and (2)]. In
order to assess the sensitivity of the model to this as-
sumption, we have introduced 1% vacancies to the M (1)
site and found that this caused (u,v,w) to vary by approx-
imately (0.03, —0.02, —0.01). Hence, vacancies will tend
to increase the La occupancy of this site.

A small enhancement is observed [Fig. 8(a)] in the

the CuO,-plane oxygen site O(1) and the incorporation of
“interstitial” oxygen ions on the O(3) site (see Fig. 1) that
is vacant in the ideal structure for some samples. The
concentration of vacancies on O(l) generally increases
with x, as shown in Fig. 9(a). However, higher oxygen
partial pressure during synthesis leads to a somewhat
lower vacancy concentration for the same metal composi-
tion, as would be expected. The occupancy of the inter-
stitial site O(3), on the other hand, remains small as x is
increased, until x exceeds about 0.6; then, it increases
sharply, as shown in Fig. 9(b). Again, as expected, higher
oxygen partial pressures lead to higher occupancies on
the O(3) site.

The behavior of the O(3) site can be more easily under-
stood when one considers the occupancy of this site as a
function of the space available to accommodate the inter-
stitial oxygen, as shown in Fig. 10. The amount of oxy-
gen on the O(@3) site increases sharply when dc,.c,
exceeds about 3.5 A. As already discussed, this distance
depends on the average size of the metal ions on M (1),
being larger when higher fractions of La or Sr are present

TABLE IV. Summary of La, ,Sr,Ca;, ,Cu,0O4_s sample characteristics for the present work (pW) and the literature. Sample

Nos. 1-10, 12, 13, 16, and 18 were used in the refinement of 4, B, C in Eq. (3) (see text). The metal occupancies refer to the M (1) (2a)

site. n =neutrons and x =x rays. NS=nonsuperconducting.

T, Metal Metal [M(1)] dcucu dcucu Oxyg. Occup.
obs. stoichiomet. occupancies obs. calc. defic. of Expt.

No. (K) La/Sr/Ca La/Sr/Ca (A) (A) & 0@3) Technique Ref.
1 52 1.82/0.00/1.18 0.03/0.00/0.97 3.285 3.273 0.006 0.016 n pW
2 56 1.8/0.2/1.0 0.03/0.11/0.86 3.330 3.330 0.039 0.011 n pW
3 58 1.8/0.2/1.0 0.05/0.11/0.84 3.342 3.342 0.014 0.017 n pW
4 51 1.8/0.4/0.8 0.06/0.21/0.73 3.400 3.400 0.058 0.030 n pW
5 42 1.8/0.6/0.6 0.21/0.24/0.55 3.481 3.481 0.074 0.007 n pW
6 22 1.8/0.8/0.4 0.23/0.37/0.40 3.560 3.560 0.032 0.089 n pW
7 NS 1.8/0.8/0.4 0.34/0.32/0.34 3.581 3.581 —0.076 0.146 n pW
8 NS 2.0/0.0/1.0 0.23/0.00/0.77 3.330 3.354 —0.038 0.037 n 16
9 60 1.82/0.00/1.18 0.04/0.00/0.96 3.298 3.276 —0.014 0.014 n 18

10 NS 1.9/0.0/1.1 0.12/0.00/0.88 3.306 3.309 n 13
11 1.9/0.0/1.1 0.1/0.0/0.9 3.233 3.301 —0.05 x 1
12 60 1.8/0.2/1.0 0.14/0.00/0.86 3.341 3.317 —0.033 0.023 n and x 12
13 55 1.6/0.4/1.0 0.07/0.19/0.74* 3.393 3.393 0.06 n 10
14 NS 1.6/0.4/1.0 0.10/0.31/0.59 3.354 3.475 x 17
15 2.0/1.0/0.0 0.5/0.5/0.0 3.631 3.745 0.0 x 1
16 NS 2.0/1.0/0.0 0.84/0.16/0.00 3.665 3.694 —0.033 0.057 n 14
17 1.9/1.1/0.0 0.5/0.5/0.0 3.701 3.745 —0.05 x 1
18 NS 1.85/1.15/0.00 0.78/0.22/0.00 3.756 3.703 —0.25 0.28 n 15

2The authors (Ref. 10) assumed that Sr is excluded from M (1) and reported 0.19/0.00/0.81. By relaxing the exclusion of Sr from
M (1) and requiring that d¢,.c,(calc)=dc,.c,(0bs) for this sample, we have obtained the occupancies given in the table.
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at the M (1) site.

Although simple arguments about the size of the inter-
stitial site O(3) may be sufficient to explain the observed
behavior, it is interesting to consider the possible effects
of Coulomb attraction. Samples with a significant
amount of interstitial [O(3)] oxygen exhibit a correlation
between the occupancy of O(3) and the amount of La3™
on the M (1) site. This is most clearly seen for sample
Nos. 6 and 7, which have the same overall metal compo-
sition, but were synthesized at 50 and 400 atm oxygen
pressure, respectively [see Figs. 8(a), 9, and 10]. Sample
No. 7, which contains the largest amount of O(3), also
has the largest amount of La on the M (1) site. This ob-
servation may explain how the synthesis pressure affects
the metal ordering. High synthesis pressures result in
more oxygen on the O(3) site, which increases the amount
of La®", rather than Sr2* or Ca?™, on the M (1) site by
Coulomb attraction. Such an effect is evident to a lesser
extent for samples Nos. 2 and 3, where x =0.2, but the
synthesis pressures were different [see Figs. 8(a), 9, and
10]. Here, however, size effects prevent the occupancy of
the O(3) site from reaching large values, and so the effect
is small.
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C. Relation to superconductivity

The occupancy of the O(3) site, n(O(3)), has a dramat-
ic effect on superconductivity, as shown in Fig. 11(a).
Within the accuracy of our data, T, decreases linearly
with increasing n(O(3)). This relation holds for all sam-
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FIG. 10. Fractional occupancy of the O(3) site, n(O(3)), vs
the inter-CuO,-plane spacing d¢,.c,- The meaning of the sym-
bols is the same as in Fig. 2.
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ples studied except No. 5, whose depressed T, can be ex-
plained on the basis of its low hole concentration (to be
discussed later). As has also been noted by other authors,
small concentrations of oxygen on the O(3) site (<0.04)
do not destroy superconductivity. However, our results
suggest that for such samples 7, may be a few degrees
higher if this oxygen could be removed. Surprisingly, su-
perconductivity does not seem to be affected by vacancies
on the O(1) site, in the CuO, planes, up to concentrations
of about 0.12 per formula unit (3%), as shown in Fig.
11(b).

The relationship of T, to the inter-CuO,-plane spacing
dcy.cu 18 shown in Fig. 12(a). Superconductivity is ob-
served over a wide range of d¢, ¢, values. This can be
compared with the behavior of RBa,Cu;0,_5 compounds
(R =rare earth or Y) where the d ¢, ¢, range is small for
a given compound (i.e., a given R), as oxygen content is
varied. However, considering all R’s, superconductivity
is also sustained over a broad range of dg,.c, in these
compounds. For example, d¢,.c,~3.36 and 3.55 A for
R =Y (Ref. 21) and Nd (Ref. 22), respectively [Fig.
12(a)].

The relationship between 7. and the excess charge per
Cu atom has been studied for all of the copper-oxide su-
perconductors. In the present study, the metal composi-

70 F T T T I T T T T T T T T T
60 2.3 =
crif 4 E
50 ! HM =
e =
o 0% -
30 E 6 E
20 e E
10 , 3
o @ e
E 1 1 1 l I 1 l 1 1 1 I Il 1 1 3

0.00 0.04 0.08 0.12 0.16
n(0(3))

70 T T T I T T T ( T T T T T T
60 o 2 E
E — 4 3
F—a— - =
50 - 1 J
s —— E
X 30 -
[S] - =
F 20 —F 3
E 6 3
10 E
o ® o =
c 7 ;
Il 1 1 | 1 I 1 l 1 1 1 | I | |

0 0.04 0.08 0.12 0.16
vac(O(1))

FIG. 11. (a) T, vs number of interstitials on O(3) and (b) vs
number of vacancies on O(1) per formula unit. Note that, since
there are four O(1) atoms per formula unit, vac(O(1))=0.16
corresponds to 4% vacancies on this site. The meaning of the
symbols is the same as in Fig. 2.
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tions were chosen to provide a set of samples where this
excess charge was constant except for the effects of
changes in oxygen content. Although oxygen content can
vary as a result of vacancies on the O(1) site or intersti-
tials on the O(3) site, these tend to compensate one anoth-
er in many samples. Thus the values for the excess
charge for the samples of the present study are clustered
over a small range, as shown in Fig. 12(b). When we
compare our data with other data from the literature, we
conclude that all of our samples lie within the region of
excess charge (roughly between —0.02 and —0.2 per
copper atom) where superconductivity would be expect-
ed. It is relevant to note that superconductivity is ob-
served over a similar range of values for the excess charge
in the related single-layer compound La,_,Sr, CuO,.

Our sample No. 5, however, lies near the lower bound-
ary of this region [as a result of its low occupancy of the
O(3) site combined with a relatively large number of va-
cancies on the O(1) site]. This defect structure apparent-
ly results from the low oxygen pressure during synthesis
in spite of a chemical composition that results in a rather
large value for d¢,.c, (providing space for some intersti-
tial oxygen). We conclude that a low carrier concentra-
tion is the most likely explanation for the depressed T, of
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Nd (Ref. 22)] are shown (solid lines) for comparison. (b) T, vs
the excess charge per Cu ion in La,_,Sr,Ca;,,_,Cu,O4_s
(g =8—y/2), for the samples of the present work (squares) and
the literature (circles) (Refs. 10, 12—18, 28, and 29). The mean-
ing of the symbols is the same as in Fig. 2.
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sample No. 5. For our other samples, the superconduct-
ing behavior can be explained solely on the basis of the
defect structure.

V. CONCLUSIONS

The two-layer cuprates present a difficult challenge for
determining the relationship between chemical composi-
tion, crystal structure, and superconductivity because of
the large number of variables. With the limited number
of samples studied here, it is impossible to draw con-
clusions about all of the necessary conditions for super-
conductivity in these compounds. However, by combin-
ing our results with those previously published, we can
learn some important aspects of the behavior.

We have proposed that d,.c, can be used to determine
the La, Sr, and Ca fractional occupancies of the M (1)
site. Although neutron diffraction alone cannot be used
to determine metal-site ordering when there are three
cations (i.e., La, Sr, Ca) involved, the parameter d¢, ¢,
can be taken as an additional observation that allows con-
clusions about metal-site ordering to be drawn. This pro-
cedure is performed in a way that is consistent with the
samples of the present study and with samples from the
published literature. Such as procedure is required to un-
derstand the defect structure, since the metal-site order-
ing depends on both the overall chemical composition
and the oxygen partial pressure during synthesis.

The incorporation of the larger Sr*t or La3" ions at
the M (1) site between the CuO, planes increases the
spacing dc,.c, between these planes. As a result, the in-
corporation of excess oxygen at the normally vacant O(3)
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site [in the plane of M (1)] increases sharply when d ¢, ¢,
becomes larger than about 3.5 A. There is some evidence
that Coulomb attraction involving these interstitial oxy-
gen atoms enhances the amount of La*" on the M (1)
site. Both of the oxygen-site occupancies are also
influenced in the expected ways by the oxygen partial
pressure during synthesis. Thus, in this way, oxygen
pressure has an affect on metal-site ordering.

In the present study, the clearest effect of defect struc-
ture on superconductivity is a systematic depression of T,
as interstitial oxygen is incorporated at the O(3) site be-
tween the CuO, planes. This effect depresses T, for sam-
ples which would otherwise be expected to be supercon-
ducting on the basis of their average excess charge.
Surprisingly, vacancies on the O(1) oxygen site in the
CuO, planes do not appear to depress T, for concentra-
tions up to about 3%.
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