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Superconductivity in the Sr-Ca-Cu-O system and the phase with infinite-layer structure
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Superconductivity and structure in samples of (Sr,Ca)CuQ, with the infinite-layer structure, prepared
by high-pressure synthesis, have been studied using magnetic susceptibility measurements, small angle
x-ray diffraction, and neutron diffraction. It is found that the superconducting (7, ~ 100 K) samples in
this system are phase impure and contain, in addition to the infinite-layer phase, members of the two
homologous series Sr, _;Cu,;0,, (n=3,5,...; orthorhombic), and Sr,,Cu,0,, ,+s (n=1,2,...;
tetragonal), as minor phases. Samples with larger phase fractions of the Sr,;,Cu,0,, ++s compounds
showed higher superconducting fractions. Phase-pure infinite-layer samples are not superconducting.
Based on these results, and results previously published in the literature, it is proposed that the super-
conductivity in these infinite-layer samples comes from the tetragonal Sr, . ;Cu,O,, +,+s compounds,

not from the phase with the infinite-layer structure.

I. INTRODUCTION

The cuprate ACuO, (A=alkaline earth) with the
infinite layer (IL) structure was first synthesized in 1988.!
This layered structure, which is the simplest among all
superconducting cuprates, is tetragonal and consists of
CuO, planes and cationic A planes, alternately stacked
along the ¢ axis (see Fig. 1, where 4=Sr,Ca). At am-
bient pressure, Sr;_,Ca,CuO, can be stabilized in the IL
structure only near the composition x ~0.92-0.82,
which is not superconducting.!”3 However, when syn-
thesis is done at high oxygen pressure ( ~4-6 GPa) and
high temperature (~ 1050°C) the composition range can

FIG. 1. Crystal structure of the infinite-layer phase of
(Sr,Ca)Cu0O,. The Wyckoff site designation (Ref. 39) is given.
The anisotropic thermal factors found in the Rietveld
refinement (Table I) are represented by the anisotropic shape of
the oxygen atoms.
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be extended and small fractions of superconductivity are
observed (as described below). Using high-pressure syn-
thesis, samples of Sr;_, M, CuO, with the IL structure
have been obtained for divalent M=Ba with 0 <x < 1/3,*
Ca (Refs. 2, 3, and 5-10) with 0<x <0.7, and for
trivalent M = Nd (Refs. 11 and 12), Pr (Ref. 11), La
(Refs. 12—-14), Sm (Ref. 12), Gd (Ref. 12), and Y (Ref. 15)
with 0 <x <0.16.

Cuprates of the IL structure with trivalent M are
electron-doped superconductors with a maximum 7, of
about 40 K, and have been obtained phase pure with
large superconducting fractions.!' "' Upon substitution
of the small M>* ion for the larger Sr>* ion, these super-
conductors show an increase in the Cu-O bond length, as
expected if electrons were added to the CuO, plane.!®~2°

Superconducting cuprates were also obtained with di-
valent M for various ratios, y = (alkaline earth)/Cu, in
the starting mixture. Samples of starting composition
(Bag ,Srp4),CuO, with y~0.8-1.0 (Ref. 4) and
(Srg ;Cag 3),CuO, with y ~0.9 (Ref. 6) and y =1.1 (Refs.
21 and 22) exhibited T, ~90, 110, and 110 K, respective-
ly. These samples are thought to be hole-doped super-
conductors because they do not show the increase in the
Cu-O bond-length characteristic of electron doping.
However, these ‘“hole-doped” samples are invariably
phase impure,*®1%21=23 exhibit small superconducting
volume fractions ( <10%), can incorporate a high con-
centration. of structural planar defects,*®%2%2* and do
not show the decrease in Cu-O bond length expected of

hole doping.!6—20 Phase-pure samples of
(Sry ;,Caq 3),CuO, were obtained with y =1 but were not
superconducting.?>?* Moreover, since the substitution

(Ca and Sr on the A site) is divalent, the source of doping
is not understood. One proposal is that the planar de-
fects act as the doping mechanism.®!%?* Phase-pure
samples of Sry 4Cag 3sCuO, (prepared in ambient pres-
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sure') and a single crystal of Sry,,Cag ,cCuO, (Ref. 25)
could not be made superconducting. Thin films that are
phase pure and defect free can be made superconducting
when electron doped.?® No superconductivity has been
found in many studies of films that are intended to be
hole doped.?’ 3° However, in a recent study of thin films

of (Sr,Ca)CuO, and (Sr,Ca), 3sNa, ,CuO, superconductivi- -

ty with T,~90,125,130 K was reported, but the super-
conducting phases were not identified.3!3?

The IL structure and the T’ structure,” where
electron-doped superconductivity is found, bear a close
resemblance. Both structures contain square CuO,
planes with no apical oxygen. To the best of our
knowledge, no hole-doped superconductivity has been
found in layered cuprates without apical oxygen atoms**
except for the claims of hole-doped superconductivity in
the IL compound (also, no electron-doped superconduc-
tivity was found in layered cuprates with apical oxygen
atoms). Furthermore, as the number of adjacent CuO,
layers in the superconducting layered cuprates is in-
creased, T, reaches a maximum at 3 or 4 layers; upon
further increase (as the structure converges towards the
IL structure, i.e., the nonapical oxygen structure), T,
monotonically decreases, as was recently shown in
HgBa,Ca, _;Cu,0,, 4.5 (n=1,2,...,8).% In view of
these considerations it is widely accepted that the source
of the (90-130)-K (which will be referred to as 100 K
below) superconductivity in these samples is not under-
stood and requires explanation.

In the present paper, we report results obtained in our
study of samples of (Sry;Cag;),CuO, by magnetic sus-
ceptibility, x-ray diffraction, and neutron powder
diffraction, and of a sample of Sr,CuO;,s by magnetic
susceptibility and x-ray diffraction. On the basis of these
results and the wide variety of results published in the
literature, we present a reasonable explanation for the
source of the 100-K superconductivity in samples of
(Sr,Ca), CuO, with the IL structure.

33

II. EXPERIMENT AND ANALYSIS

Samples of (Srq,Cag;),CuO, with a metal ratio of
y=1.1 in the starting mixture were prepared using the
methods described previously.?! The synthesis was done
at a pressure of 5.7 GPa and a temperature of 1050°C in
an opposed-anvil belt press. An important difference be-
tween our synthesis procedure and those used previously
is the large sample volume we can achieve. Pressed pel-
lets of starting materials of roughly 3-g mass were loaded
into a gold capsule sandwiched between two flat pellets
(~0.3 g) of KClO, as shown in Fig. 2. Pressure is ap-
plied first, and then the temperature is raised. Upon
heating, the KClO, decomposes to provide a source of
high-pressure oxygen that is contained within the gold
capsule during the synthesis. Using this method, it is
speculated that oxygen pressures as high as the sample
pressure (5.7 GPa in this case) can be achieved; however,
the actual oxygen pressure is not known.

The product of the high-pressure synthesis was a sin-
tered cylindrical pellet. We found that properties were
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FIG. 2. Configuration of the sample starting materials and
KClO, oxygen source used for high-pressure synthesis. Letters
a, b, ¢, and d mark the positions of individual small samples in-
vestigated in the present study.

not homogeneous across this pellet. This allowed us to
correlate superconducting phase fraction with other
properties by comparing small samples extracted from
different positions in the pellet. Four specimens were ex-
tracted from different positions as shown schematically in
Fig. 2. Magnetic susceptibility measurements, showed
that specimen a was not superconducting and specimens
b, ¢, and d were superconducting with a T, of about 100
K (Fig. 3). The diamagnetic signals correspond to super-
conducting volume fractions of O, 4, 10, and 20 % for a,
b, ¢, and d, respectively. X-ray powder diffraction (XRD)
showed that a phase with the IL structure was the major
phase in all four specimens. The XRD data of the super-
conducting specimens (b,c,d) also showed contributions
from other phases, but the XRD data of the nonsuper-
conducting specimen (a) showed no additional phases.
The Bragg reflections from the additional phases are
most easily seen in small-angle XRD data, where there
are no reflections from the IL phase, as shown in Fig. 4.
These high-d reflections were indexed using 00/ (/=even)
reflections of two phases with ¢=27.8, and 20.4 A.
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FIG. 3. Field-cooled (10-G) dc magnetic susceptibilities as a
function of temperature for the four specimens a, b, ¢, and d.
Specimen a was measured only at 4.2 K, and the dotted line is a
guide to the eye.
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These values correspond to the ¢ parameters of tetragonal
Sr,Cu;0, 5 and Sr;Cu,0s, 5,”% 3¢ leading us to conclude
that these phases, which are known to form under similar
high-pressure synthesis conditions, are present as minor
phases.

Neutron-powder-diffraction data were collected for
specimens b and d on the Special Environment Powder
Diffractometer’” at Argonne’s Intense Pulsed Source.
The data collection times were 8 and 45 h for specimen b
(400 mg) and d (17.7 mg), respectively. In order to mini-
mize the background, the specimens were mounted on a
thin boron-coated tungsten wire with no sample con-
tainer. The structures were refined by the Rietveld tech-
nique®® using the high-resolution data from the back-
scattering (145°) detector banks. The tetragonal space-
group P4/mmm was used for the IL structure (major
phase). The minor phases included in the analyses were
Sr,Cu40,, [space-group Cmmm (Refs. 39 and 40)], which
was identified in the XRD data (full pattern not shown)
for sample b, and Sr,Cu;0,,s [space-group I4/mmm
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FIG. 4. Small-angle x-ray-diffraction data for the four speci-
mens a, b, ¢, and d. Contributions from Sr,Cu;0,,5 (3 L),
Sr3;Cu,054 5 (2 L), and (Sr,Ca)CuO, (IL) are observed.
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(Refs. 39 and 36)], which as identified in the small-angle
XRD data [3 L, Fig. 4(d)] for sample d. Refined structur-
al parameters are given in Tables I and II, and the Riet-
veld refinement profiles are shown in Fig. 5. Three-phase
refinements where the third phase was Sr;Cu,Os,5 or
Sr,Cu30,, 5 for specimen b, and Sr;Cu,Os for specimen
d, did not improve the fit to the observed patterns. These
results are consistent with the low-angle XRD data (Fig.
4), which show only a small contribution from Sr;Cu,O5
in specimen b and a dominant contribution from
Sr4Cu;0,, 5 in specimen d. These refinements served to
confirm the identify of the minor phases and provide a
quantitative measure of the phase fractions (as given in
Tables I and II).

We note that our diffraction experiments yield an ex-
planation for the sample inhomogeneity that is consistent
with the synthesis process. Specimens ¢ and d, which
were extracted from a location near the source of oxygen
(KClO,) contain Sr;Cu,0s5.5 and Sr,Cu;0,, 5, whereas,
specimen b, located further from the oxygen source, was

TABLE I. Structural parameters for the two phases obtained
from the Rietveld refinements of the neutron diffraction data of
specimen b. Numbers in parentheses are standard deviations of
the last significant digit. Parameters with no standard devia-
tions were not refined. Scattering amplitudes (10~ ! ¢cm): 0.702,
0.490, 0.7719, and 0.5803 were used for Sr, Ca, Cu, and O, re-
spectively (Ref. 41).

Parameter Value
First phase: (Sr,Ca)CuQO,: Space group: P4/mmm
a=b (A) 3.9035(1)
c(A) 3.3452(1)
V (A) 50.972(4)
Sr,Ca xX=y=z 0.5
n(Srg = 1—n(Ca) 0.62(3)
B (A") 0.50(3)
Cu x=y=z 0
n 1
B (A% 0.46(3)
O x 0.5
y=z 0
n .5 0.97(1)
U, (/}2) 0.0047(5)
U,, (10\2) 0.0083(5)
Us; (A7) 0.0126(6)
RZ (%) 6.63

Volume fraction (%) 87(2)

Second phase: Sr,CusO,: Space group: Cmmm

a (1§) 3.9192(4)
b (10\) 19.345(2)
c (Ao)3 3.4063(4)
V(A7) 258.26(4)
R% (%) 11.92
Volume fraction (%) 13(2)

Overall agreement factors

Ry, (%)
R, (%)

8.354
7.168
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TABLE II. Structural parameters for the two phases ob-
tained from the Rietveld refinements of the neutron diffraction
data of specimen d. Numbers in parenthesis are standard devia-
tions of the last significant digit. Parameters with no standard
deviations were not refined. Scattering amplitudes (107!? cm):
0.702, 0.490, 0.7719, and 0.5803 were used for Sr, Ca, Cu, and
O, respectively (Ref. 41).

Parameter Value

First phase: (Sr,Ca)CuQO,; Space group: P4/mmm
a=b (A) 3.9046(1)
c (1393 3.3460(1)
V (A) 51.014(6)
RE (%) 10.73
Volume fraction (%) 73(6)

Second phase: Sr,Cu;Oyg; Space group: I4/mmm

a=b (A) 3.8730(5)
¢ (2\0)3 27.39(2)
V(A7) 410.8(3)
R} (%) 11.59
Volume fraction (%) 27(6)

Overall agreement factors

Ry (%)
Re, (%)

13.86
11.66

found to contain Sr,Cu4O,q. This is consistent with the
results of a detailed study of the pressure synthesis of
small samples, which showed that Sr,,,Cu,O,, s
forms under high pressure when a source of oxygen (such
as KClO,) is present and Sr,_,Cu, ,0,, forms under
normal high-pressure conditions.!® A pressure gradient
across the sample during synthesis could also contribute
to the compositional inhomogeneity.

III. DISCUSSION

The correlation between the superconducting phase
fraction and the abundance of Sr, . ;Cu,O,, 15 phases
leads us to conclude that the latter phases, which are re-
ported to be superconducting with maximum T,’s in the
range of 100 K,”%3% are responsible for superconductivity
in our “infinite-layer” samples. In further support of this
conclusion, we argue (as follows) that the lattice parame-
ters of the infinite layer phases in our samples are not
consistent with what one would expect if they were doped
with holes. As Sr’" is replaced by the smaller Ca?" ion
(isoelectronic replacement) in the IL structure, the lattice
parameters a and ¢ decrease because of the size effect*
with a linear relation between a and ¢. With nonisoelec-
tronic replacement, e.g., as Sr?* is replaced by the small-
er La’t ion, the ¢ parameter decreases because of the size
effect,® whereas, the a parameter expands due to the addi-
tion of electrons to the Cu—O bond.!®~2° This behavior
is delineated in Fig. 6 for samples of (Sr,M)CuO, with
M=Ca (insulating"%2"? and superconducting®®?' sam-
ples) and for M=La (Ref. 13) and Nd (Ref. 11) (supercon-
ducting samples). The expected increase in a due to the
electron doping of the CuO, planes in the M=1La,Nd
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FIG. 5. Portions of the neutron-powder-diffraction data and
Rietveld refinement profiles for specimens b and d. The + 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
(two phases for each specimen, see Tables I and II). The back-
ground was fit as a part of the refinement but has been subtract-
ed prior to plotting. A difference curve (observed minus calcu-
lated) is plotted at the bottom for each profile. Small-angle
XRD and magnetic susceptibility were measured on a specimen
broken off the neutron diffraction b specimen (400 mg) prior to
the neutron diffraction.
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samples is clearly observed. The addition of holes to the
Cu—O bonds should cause an opposite effect (i.e., de-
crease) of similar magnitude on the a parameter.!®~20
The values for a for a hole-doped IL lattice would, there-
fore, be expected to appear below the “size effect’” line of
a vs ¢ that applies to insulating compounds. The IL lat-
tice parameters for the superconducting specimens of the
present work (closed circles;, Fig. 6), as well as other
hole-doped superconducting®®2! and nonsuperconduct-
ing??212 samples fit a single size effect line. The devia-
tion from this line, which is clearly observed in the case
of electron doping, is not observed in the hole-doped su-
perconducting samples. This result strongly suggests
that this IL material is not hole doped and, thus, implies
that it is not superconducting.

An alternative explanation that must be considered is
that only a fraction of the IL material is hole doped (and
superconducting). Such a situation could occur if only
part of the material had a high enough density of planar
defects to provide the required doping. We used the neu-
tron diffraction data for sample d (20% superconducting
fraction) to explore the possibility of two phases with the
IL structure, but with slightly different lattice parameters
resulting from one phase being hole doped (and therefore
superconducting) and the other not. Such a model could
explain the small superconducting phase fractions. We
estimate that the lattice parameters of a hole-doped IL
lattice should map a point onto the a-vs-c plane that
should deviate by 0.01-0.02 A from the size effect line of
Fig. 6. If 20% or more of the sample (corresponding to
the 20% superconducting fraction of sample d) displayed
these lattice parameters, it should be possible to model
the resulting distinctive line broadening with a two-phase
Rietveld refinement. It was not possible to achieve con-
vergence using such models, leading us to conclude that
specimen d does not contain a hole-doped fraction with
the IL structure that is responsible for the 20% supercon-
ducting volume fraction observed in this specimen.
Moreover, we do not see any significant difference in line
broadening between the various samples, as would be ex-
pected if there were substantial differences in the density
of planar defects.

The small-angle XRD data (Fig. 4) show significant
contributions from Sr,Cu;0,, 5 in the specimens with the
largest superconducting fractions (¢,d), a small contribu-
tion from Sr,Cu;0,, 5 in the specimen with smaller su-
perconducting fraction (b), and no contribution in the
nonsuperconducting specimen (a). The volume fraction
of Sr,Cu;0,,5 in specimen d, as estimated from the
refinement of the neutron data, is about 30%. These re-
sults show that the superconducting volume fraction
scales with the volume fraction of Sr,Cu;0,,5 and sug-
gest that the source of superconductivity is this phase
with the likelihood that other phases of the homologous
series Sr,,{Cu,0,,,,+5 also contribute. This con-
clusion is consistent with several previous studies of su-
perconducting samples of (Sr,Ca)CuO,, where these same
minor phases were found.” %2>

There are several unresolved questions concerning su-
perconductivity in the Sr,Cu,O,, 5 series of com-
pounds. The structures of these compounds, and their re-
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N=cco

FIG. 7. Structures of the Sr,;Cu,O,, +,+s compounds for
n=1, 2, and 3 and the infinite layer compound, n= .
Tetrahedra and square sheets represent five- and four-
coordinated copper atoms with their associated oxygen atoms,
respectively. Circles represent Sr atoms.

lationship to the IL structure, are illustrated in Fig. 7.
The cuprate Sr,CuO;, 5, the first member of this series,
which was synthesized under high pressure, was reported
to be superconducting with 7,~70 K and a supercon-
ducting volume fraction of 22%.3¢ However, the sample
contained some Sr;Cu,0s5.5 as a second phase. A neu-
tron diffraction study of the structure of this cuprate re-
vealed that its CuO, planes are highly (nearly half) oxy-
gen deficient,*® raising serious doubts about whether
these planes can support superconductivity. As part of
the present study, we investigated the minor phases
present in a superconducting sample of Sr,CuO;,5. The
sample was prepared at 5-GPa pressure and 930°C as de-
scribed previously.*? The magnetic susceptibility of a
small specimen of the sample measured as a function of
temperature showed 7,~70 K with a superconducting
fraction of ~5%, as shown in Fig. 8. Small-angle XRD
of the same specimen showed contributions from
Sr,CuO;,5 (1 L, major phase), Sr;Cu,0Os5.5 (2 L), and
Sr,Cu;0,, 5 (3 L) as shown in Fig. 8. A conclusion con-
sistent with all of our results is that the members of the
homologous series Sr, ,Cu,O,, s are superconduct-
ing as was previously reported,””3 except for the first
member, Sr,CuQOj5, 5, which is not superconducting. This
conclusion is consistent with the fact that phase-pure
samples of Sr,CuO;,s prepared by a low-temperature
synthesis technique*® and having a structure identical to
that of “‘superconducting” samples obtained by high-
pressure synthesis,*’ are not superconducting.

We have attempted to assign specific transition temper-
atures, T,, to the Sr,;Cu,O,, s phases (n=2,3,4),
as identified in the present work and in the literature, in a
consistent way. This attempt proved unsuccessful. We
believe that this difficulty arises because the T, for each
phase can vary depending on oxygen content (which is
controlled by preparation conditions). Such a variation
has been reported for material of nominal composition
Sr,Cu0O; 5, where T, was changed from 70 K in an as-
made sample to 94 K by N, heat treatment at 310°C for 1
h.*? (Note that we would propose that it is actually a 2-L
or 3-L minor phase in this sample, not the dominant 1-L
phase, whose T, is changing.) Because of this difficulty,
the assignment of specific T,’s to the members of the
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FIG. 8. Field-cooled (10-G) dc magnetic susceptibilities as a
function of temperature (top), and small-angle x-ray diffraction
of a specimen of tetragonal Sr,CuO;,s (1 L). Contributions
from Sr;Cu,0s.5 (2 L) and SryCu;0545 (3 L, very small) are ob-
served.

series Sr,Cu,0,, ;45 Will probably not be possible
until single-phase samples of the members of the series
are available.

With this conclusion, superconductivity in the cuprates
of the IL structure conforms with the empirical rule that
CuO, layers with no apical oxygen support electron su-
perconductivity but not hole superconductivity.!®™1°
However, it is possible that an appropriate way to hole
dope the IL structure has simply not yet been found.
Thus, the search for hole-doped superconducting IL
phases should continue. The choice of the appropriate
Cu-O bond length for hole-doping is essential. The bond
length to an oxygen atom for a (pure 3d°) Ccu?* ion is
nominally 1.95 A,** which corresponds to ¢ =3.90 A in
the cuprates with the IL structure. To be susceptible to
electron-doping (3d°,3d'°) the bond length should be
longer (under tension).'”!® Successful electron doping
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(by La or Nd substitution) was indeed achieved with
SrCuO,, for which a =3.918 A prior to dopmg (Fig. 6).
To be susceptible to hole-doping (3d°,3d®) the bond
length should be shorter (under compression).!”!® Tak-
ing a lattice change of the same magnitude as in the case
of electron- doplng (but an opposite sign), one might pre-
dict =3.882 A as the expected a lattice parameter ap-
propriate for hole doping. Hence, following the above
considerations, the IL phase Sry,Cag¢CuO,, having
a=3.882 A (see the references associated with Fig. 6),
may be the most susceptible to hole doping.

IV. CONCLUSIONS

Cuprates of the IL structure have CuQO, layers with no
apical oxygen. These materials can be electron doped
and exhibit bulk superconductivity with T, ~40 K. Su-
perconductivity with T, ~90-130 K has been reported in
many samples of the IL structure claimed to be hole
doped. However, these samples are invariably phase im-
pure and exhibit small superconducting fractions. We
conclude that the superconductivity in these samples can
be attributed to the phases Sr;Cu,0s5, 5, SryCus;0,4 5, and
SrsCuy0g, 5 and not the major phase with the IL struc-
ture. Hence, for presently known materials, supercon-
ductivity in the cuprates with the IL structure is con-
sistent with the empirical rule that CuO, layers with no
apical oxygen support only electron superconductivity.

The preparation of single-phase samples of
Sr;Cu,05,4 5, Sr,Cu30545, and SrsCuyOy, 5 for the pur-
pose of characterization and optimization of their super-
conducting properties is a primary future goal. Attempts
to hole-dope the IL phase should also continue.
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