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Superconducting samples of LazCu04+& are shown by neutron powder diffraction to consist of
two nearly identical orthorhombic phases. The primary phase has a stoichiometry near La2Cu04.
The second phase is an oxygen-rich phase that is superconducting. The abundance of the second

phase increases with the oxygen pressure at which the samples are annealed. Neutron-diffraction

measurements as a function of temperature show that the phase separation occurs reversibly near

320 K.

INTRODUCriON

At the time of the discovery of superconductivity at
temperatures above 30 K in La2,M, Cu04+s (M Ba,
x =0.15), ' the parent compound La2Cu04 that had been
extensively studied for a number of years was thought to
be nonmetallic. Although some studies had not been
extended to low temperature, those which had showed no
superconducting behavior. Subsequent detailed studies of
the effect of cation doping (for M Sr) on the supercon-
ducting properties showed that the superconducting tran-
sition temperature T, initially increased with increasing
doping, peaked near x 0.15, and then decreased for fur-
ther increases in x.9'0 The undoped, semiconducting
compound (x 0) was found to exhibit antiferromagnetic
ordering on the Cu sites which has led to continuing inves-
tigations of the interplay between superconductivity and
magnetism in these compounds. " All of these properties
were observed to depend critically on the oxygen vacancy
concentration which is controlled by the synthesis condi-
tions.

While further studies of the properties of nonsupercon-
ducting La2Cu04+s were in progress, several laboratories
unexpectedly reported the observation of traces of super-
conductivity with T,'s between 30 and 40 K in undoped
La2Cu04+s synthesized under slightly different condi-
tions. ' ' The superconducting samples were made by
cooling slowly in oxygen, while rapid cooling produced
semiconducting material. Meissner-effect measurements,
however, showed superconducting fractions of less than
1%, making it impossible to conclude whether the ob-
served superconductivity was an intrinsic property of
La2Cu04~q. Working from the premise that increased
oxygen content was the cause of the superconductivity,
several laboratories employed methods to deliberately
raise the oxygen stoichiometry. Tarascon et a/. were able
to insert oxygen by a low-temperature plasma-oxidation
technique and achieve superconducting fractions as high
as 18%.' Similar results were obtained in other labora-
tories by annealing La2Cu04+q in high static oxygen pres-
sures at elevated temperatures. ' For example, an-

nealing in 1-3 kbar of oxygen at 600'C for 12-48 h fol-
lowed by a 100'C/h cooling resulted in superconducting
fractions above 30%.2 These experiments clearly estab-
lished that bulk superconductivity could be achieved in

La2Cu04+b by employing special synthesis conditions
which were presumed to raise the oxygen content.

The general consensus from these studies is that metal-
lic, superconducting behavior in La2Cu04~q results from
the introduction of carriers when the oxygen stoichi-
ometry is raised above the level required for formal charge
balance. Several laboratories have attempted to establish
whether the required charge imbalance results from the
existence of La vacancies or the incorporation of more
than four oxygen atoms per formula unit. Precedents for
both possibilities occur in the same family of compounds.
Up to 8% La vacancies have been reported in the related
Co-containing compound, leading to the general formula
La) s3Co04 b (0 (y (0.13). ' Conversely, in the
La2Ni04+b system, recent structural and density studies
have shown that extra oxygen (i.e., b) 0) can be intro-
duced into the structure.

In the case of La2 „Cu04+s, some variation in proper-
ties has been observed as a function of the initial La com-
position, but superconductivity has been observed over a
wide range of bulk [La]:[Cu] ratios. '0 52 The subtle
changes in bulk properties are thought to result from the
presence of impurity phases. These results imply that the
[La]:[Cu] ratio cannot be signi6cantly varied. Schirber et
al. performed careful electron microprobe analysis with
an estimated uncertainty of 1% and measured a [La]:[Cu]
ratio of 2:1 for a su rconducting sample annealed in
high-pressure- oxygen. A recent single-crystal neutron-
diffraction study gave an overall stoichiometry of
La] 998(4)CUp.p5p(3)Lip p5p(3)04 pi8(]2) for a crystal grown
from a Li-containing flux (the refined Li content was in

excellent agreement with chemical analysis), also suggest-
ing that the existence of La vacancies is not the correct ex-
planation for the charge imbalance. Of course, the ex-
istence of vacancies on both the La and Cu sublattices is
not ruled out (since no precise bulk density measurement
has been made), but such an explanation seems unlikely.
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In our own laboratory we have used multiphase Rietveld
analysis of neutron-powder-diffraction data to carefully
measure the abundance of CuO and La203 impurity
phases, and the structural parameters of the La2Cu04+s
primary phase, for a number of samples with different
bulk (starting) compositions. From our work, we con-
clude that the [Lal:[Cu] ratio of La2Cu04+s does not
vary from 2:1 by more than 0.01. Thus, we conclude that
no significant concentration of La vacancies is present and
that superconductivity in La2Cu04+s results from oxygen
stoichiometries above 4.

Schirber et al. have determined the amount of excess
oxygen in their superconductin~ samples by weight-gain
and weight-loss measurements. o Superconducting sam-
ples annealed in 3 kbar of oxygen at 600'C, which show
superconducting fractions above 30%, reversibly lose 0.5%
of their weight when annealed in vacuum at 500'C for 0.5
h. Their as-prepared La2Cu04+s, which shows traces of
superconductivity, exhibits a 0.2% weight loss under the
same conditions. 2o Iodometric titration also confirms that
the superconducting sample contains excess oxygen lead-
ing to an increase in the amount of Cu3+. However, the
titration results do not agree with the weight loss if the ex-
cess oxygen is assumed to be incorporated as 0 . A
comparison of the weight loss and analytical results led to
the conclusion that the excess oxygen is incorporated in
the structure as a superoxide ion, 02, and that the ap-
proximate bulk stoichiometry of their superconducting
sample was La2Cu04. &3. Recent x-ray photoemission
studies by Rogers et al. support this superoxide assign-
ment. ' However, the existence of an oxygen-containing
surface species in addition to excess bulk oxygen is also a
possible explanation.

The neutron-diffraction studies reported in this paper
were undertaken in an attempt to obtain structural evi-

dence for the existence of excess oxygen in superconduct-

ing La2Cu04+s and to learn the structure and location of
the oxygen defect. Data were collected at both room tem-
perature and low temperature in order to learn whether

the superconductivity might also be associated with a
low-temperature structural phase transition in the
oxygen-rich compound. We recently presented prelimi-

nary resuks that showed that additional Bragg peaks, ap-

pearing as shoulders on some of the orthorhombic

La2Cu04+s peaks, were visible at 10 K but not at room

temperature. In the present paper we report additional
neutron-diffraction studies and detailed analyses which

show that superconducting samples of La2Cu04+s actual-

ly contain two closely-related orthorhombic phases whose

Bragg peaks almost perfectly overlap. The second phase
is observed only in samples which exhibit superconductivi-

ty and its abundance increases with the oxygen pressure at
which the samples are annealed. Neutron-diffraction
studies of a two-phase sample as a function of tempera-
ture show that the phase separation occurs reversibly near
320 K. The lattice parameters of the primary phase are
nominally the same in single-phase and two-phase sam-

ples, suggesting that this phase is essentially stoichio-
metric La2Cu04 oo. Since weight-loss measurements
confirm that the two-phase samples have overall oxygen
concentrations significantly greater than 4, we conclude
that the second phase is an oxygen-rich form of La2Cu-

04+s that is superconducting.

SAMPLE PREPARATION AND CHARACTERIZATION

Samples for these studies were prepared by two dif-
ferent techniques. A summary of the six samples studied

by neutron powder diffraction is given in Table I. At San-
dia, La2Cu04+s samples were prepared by grinding
stoichiometric mixtures of La203 and CuO powders in an

agate mortar and sintering in air for 45 h at 1100'C fol-
lowed by a 900'C oxygen anneal for 12 h and a 5 h slow

cool in oxygen. 2o 2'29 These as-prepared samples exhibit-
ed traces of superconductivity (zero resistance near 30 K)
with the superconducting fraction, as measured by low-

field flux exclusion at 5 K, varying from 0.2% to 0.5% de-

pending on the size of the initial fired ceramic. Bulk su-

perconducting samples were then made from this material

TABLE I. Summary of samples studied by neutron powder diffraction. T, is the resistive onset tem-

perature for the superconducting transition. The percentage of Fmmm phase is determined by two-

phase Rietveld refinement of neutron-powder-diffraction data taken at 10 K. The range of values listed

for two of the samples results from the use of diff'erent structural models (see text). The superconduct-

ing (SC) fraction is determined by low-fieid flux-exclusion measurements at 5 K. The weight loss is the

change in weight resulting from annealing in vacuum or flowing nitrogen. The bulk oxygen content is

calculated from the weight loss, assuming that the vacuum- or nitrogen-annealed samples have a

stoichiometry of La2Cu04. 00.

Sample

Sandia, 3-kbar
Argonne, O. 1 -kbar
Sandia, as-prepared
Argonne, as-prepared
Sandia, vacuum-annealed
Argonne, nitrogen-annealed

Tc
(K)

34
38
38
38
0
0

Fmmm
phase
(%)

53-60
27-30

12
8

&4
&4

SC
fraction

(%)

30
0.2-0.5
0.2-0.5

0.01
0
0

Wt.
loss
(%)

0.5
0.1

0.03-0.2 '
0.03

0
0

Oxygen
content

4.13
4.03

4.01-4.05 '
4.01
4.00
4.00

'Vacuum and nitrogen annealing give different ~eight losses for different samples.
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by annealing in 3 kbar of oxygen at 600'C for 12 h fol-
lowed by a 100'C/h cool in the pressure cell after which
the pressure was released. This technique resulted in sam-
ples which showed superconducting fractions above 30%.
Since the volume of the pressure cell limited the sample
size to about 150 mg, several high-pressure runs were re-
quired to achieve a 0.6-g sample for the neutron-
diff'raction studies.

At Argonne, La2Cu04+s samples were prepared by
sintering the mixed and wet-ball-milled oxide powders at
975 'C in oxygen for 12 h followed by a 10-h cool to room
temperature. Again, these as-prepared samples showed
traces of superconductivity with T, (resistive onset) near
38 K, with the superconducting fraction as measured by
low-field flux exclusion at 5 K near 0.01%. These samples
were then annealed in 0.1 kbar of oxygen at 580'C for 48
h followed by a 24-h cool to room temperature. Care was
taken to prevent possible water contamination which fre-
quently occurs in closed systems. Thus, before the high-
pressure annealing, the pressure cell was heated to 580'C
and purged with flowing dry oxygen for 24 h. The result-
ing samples showed well-defined resistive transitions and
the superconducting fraction was increased to 0.2-0.5%.
Samples with trace amounts of superconductivity tend to
show differences in the superconducting fraction depend-
ing on sample preparation and morphology.

The systematic difference in the size of the supercon-
ducting fraction, as measured by low-field flux exclusion,
for the Argonne samples versus the Sandia samples is
thought to result from two effects. Scanning electron mi-
croscopy shows that the Argonne as-prepared material
has an average grain size near 3 pm, while in the Sandia
as-prepared material the grain size is 15-20 times larger.
Additionally, as will be discussed in more detail later, the
neutron-diffraction data show that the domains of super-
conducting phase in the Argonne O. 1-kbar sample have di-
mensions near 3000 A, while the domains of supercon-
ducting phase in the Sandia 3-kbar sample are much
larger. Since the magnetic penetration depth is estimated
to be 2000-2500 A, 03' it is not surprising that the Ar-
gonne samples exhibit unusually small flux exclusion and
Meissner effects even though they contain significant
amounts of the superconducting phase. Although the
fraction of superconducting phase in the Argonne 0.1-
kbar sample (30% from neutron diffraction) was not as
high as that produced in the Sandia sample by annealing
in 3 kbar of oxygen (60% from neutron diffraction), the
O. l-kbar oxygen-annealing technique allowed the syn-
thesis of large (10 g) samples of superconducting La2-
Cu04+q which could be used for rapid collection of high-
quality neutron-powder-diffraction data over a range of
temperatures. This ability to maximize counting statistics
proved to be especially important for obtaining di8'raction
data from which two distinct phases could be identified.

For each sample, the total excess oxygen was estimated
by weight-loss measurements. The sample masses were
measured before and after annealing in vacuum or flowing
nitrogen at 600 C. This anneal in vacuum or nitrogen
destroys all traces of superconductivity. These vacuum-
or nitrogen-annealed samples were also studied by neu-
tron diffraction, for comparison with the neutron-

diffraction results from the as-prepared and high-
pressure-oxygen-annealed samples. In order to establish
a reference for the weight-loss measurements, the oxygen
content of a nitrogen-annealed sample was determined by
hydrogen reduction, yielding a stoichiometry of
LazCu03992. Thus, within our ability to measure, the
vacuum or nitrogen-annealed samples are stoichiometric.
Based on this reference, the weight-loss measurements can
be used to calculate the total oxygen content for each
sample. The calculated bulk compositions are listed along
with the measured weight losses in Table I. Since
La2Cu04+s samples are observed to be quite reactive, and
adsorbed water or other surface species can contribute to
the observed weight loss, these values should be taken as
upper bounds for the actual compositions.

NEUTRON-POWDER-DIFFRACTION MEASUREMENTS

Neutron-poweder-diffraction data were collected at
both room temperature and 10 K for the six samples listed
in Table I using the Special Environment Powder Diffrac-
tometer ' at Argonne's Intense Pulsed Neutron Source.
For low-temperature data collection, the samples were
sealed along with 1 atm of helium exchange gas in thin-
walled vanadium cans and cooled by a closed-cycle helium

(Displex) refrigerator. For the Argonne sample processed
in 0.1 kbar of oxygen, additional data were collected for a
number of temperatures between 10 K and room tempera-
ture using the Displex refrigerator and also from room
temperature to 498 K using two different furnaces.

In the raw data at 10 K for the two superconducting
samples annealed in high-pressure oxygen, new Bragg
peaks were clearly visible as shoulders on some of the
Bragg peaks of the known orthorhombic La2Cu04+~
structure. In our previous paper, based on data from only
the Sandia sample we were unable to conclude whether
these new peaks resulted from a subtle structural distor-
tion or from the existence of a second phase. 2 The addi-
tional data from the Argonne sample, which had a smaller
fraction of the superconducting phase but provided better
counting statistics, showed that the intensities of the new

peaks scaled together, leading directly to the conclusion
that two distinct phases were present. This two-phase be-
havior can be clearly seen in Fig. 1, which shows a portion
of the diffraction pattern for samples with three different
concentrations of the second phase.

Since no new Bragg peaks were observed except for
those on the shoulders of existing peaks, an initial Riet-
veld structural refinement3 based on a mixture of two or-
thorhombic Bmab phases was attempted for the Argonne
O. l-kbar sample at 10 K. This refinement immediately
converged to a low-R value and yielded lattice constants
for the two phases which agreed with all of the observed
reflections. However, based on the refined lattice con-
stants it was clear that a small number of weak reflections
for the second phase which should have been almost com-
pletely resolved were systematically absent. Specifically,
the 014, 121, and 032 reflections were not observed for the
second phase. The lack of intensity in these reflections in-

dicates that the nearly rigid tilt of the Cu06 octahedra
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FIG. 1. Portion of the Rietveld refinement profile for the (a) Sandia 3-kbar, (b) Argonne O. l-kbar, and (c) Argonne nitrogen-
annealed La2Cu04+s samples (see Table I) analyzed with a two-phase model. Plus marks (+) are the raw data. The solid line is the
calculated profile. Tick marks below the diffraction profile indicate the positions of allowed reflections in the model. The upper row of
tick marks is for the orthorhombic Bmab phase; the second row is for the orthorhombic Fmmm phase. In the case of the Sandia 3-
kbar sample a third row of tick marks indicates the position of allowed reflections from cadmium which is used to mask the sample
container. A difference curve (observed minus calculated) is plotted at the bottom. Background has been subtracted prior to plotting.
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(-S' and 10 K) present in the orthorhombic, Bmab,
La2Cu04is structure is not present in the structure of
the second phase, and requires either an accidental com-
bination of atom positions in the Bmab space group, giv-
ing rise to the zero intensities, or that the space group of
the second phase is F centered. In the initial re6nement
based on two Bmab phases, the expected rigid tilt of the
Cu06 octahedra was observed for the primary phase (see
Table II), but for the second phase the refinement yielded
opposing directions for the O(1) and O(2) displacements,
defining an unusual distortion of the octahedra rather
than a rigid tilt. Thus, subsequent refinements based on
one Bmab phase and one F-centered phase were attempt-
ed.

Three space groups are allowed by the observed
(5+k, @+I, h+ I 2n) extinctions —Fmmm, Fmm 2,
and F222. Fmm2 is a polar space group which allows in-
dependent values of z for O(2) at (0,0,z) and (0,0, —z)
and allows Cu to be displaced from the center of the Cu06
octahedron along z. Attempted refinements using an
Fmm 2 model for phase two were unstable.

The F222 space group requires O(2) to be on the spe-
cial position (0,0,z) but allows O(1) to be displaced into a
site of twofold symmetry. Thus, the four O(l) atoms
around the Cu atom at (0,0,0) have the positions
( —,', —,',z), (4, &,z), ( —,', &, —z), and ( —,', 4, —z). If an
anisotropic temperature factor is allowed for O(2), this
model also yields low-R values. However, if an anisotrop-
ic temperature factor is also used for O(1), the thermal el-
lipsoid becomes elongated along the z axis and the static
displacement, z (O(1)), converges toward zero. As

z(O(1)) approaches zero, correlations between z(O(1))
and B33(O(1)) become high and the re6nement becomes
unstable. This result suggests again that static displace-
ments are present, but that they do not obey the symmetry
required by the F222 space group. Moreover, for
z(O(1) ) 0 the F222 space group becomes equivalent to
the Fmmm space group.

In space group Fmmm the oxygen atoms must both be
placed on special positions, O(1) at ( —,', 4,0) and O(2) at
(0,0,z), or they must be disordered. Refinements with
both oxygen atoms on special positions, with isotropic
temperature factors, yielded higher R values than for the
Bmab model. However, when anisotropic temperature
factors were used, the R value was substantially lowered.
Of the models investigated, this model yielded the lowest
R values. The thermal ellipsoids were elongated along z
for O(1) and perpendicular to z for O(2), suggesting that
rather large displacements are present. Since the data
were taken at 10 K, these displacements are assumed to be
static, not thermal.

The overall conclusion from these attempted refine-
ments is that it is impossible to uniquely differentiate be-
tween Bmab, Fmmm, and F222 models for phase two.
This inability to establish a unique structure is compound-
ed by the fact that phase two must contain excess oxygen
as a defect which has not been included in the refinement
model. As might be expected for two-phase data where
the corresponding peaks from the two phases are heavily
overlapped, attempts to tests various defect models were
also inconclusive. The defect proposed by Buttrey et al.
for oxygen-rich La2Ni04+s in which an O(2) atom is re-

TABLE II. Structural parameters at 10 K determined from a two-phase RieNeld refinement of neutron-powder-diN'raction data
for the orthorhombic Bmab and Fmmm phases of the samples indicated. (See text and Table I for a more complete description of the
samples. ) Numbers in parentheses are standard deviations of the last significant digit.

Rwp/Rexp

a (A)
b (A)
c (A)
v (A')

Sandia 3-kbar sample
0.0412/0. 0307

Bmab phase Fmmm phase

5.3337(3) 5.3346(3)
5.4143(3) 5.3969(3)

13.1258(7) 13.1646(7)
379.053(20 379.019(19)

5.3350(1)
5.4209 (1)

13.1068(2)
379.058 (6)

5.3364(2)
5.3955(2)

13.1615(5)
378.952 (15)

Argonne O. l-kbar sample
0.0437/0. 0178

Bmab phase Fmmm phase

Argonne nitrogen-annealed sample
0.0476/0. 0289
Bmab phase

5.3349(1)
5.4204(1)

13.1072(1)
379.025 (5)

La

CU

X

z
a (A')

x y z
a (A')

0
—0.0088 (8)

0.3620(3)
—0.08 (8)

0
0.05(»)

0
0
0.3601 (3)
0.38 (10)

0
—0.02(11)

0
—0.0095(2)

0.3618(1)
0.00(2)

0
—0.06(3)

0
0
0.3604(2)
0.19(5)

0
0.10(7)

0
—0.0092 (2)

0.3616(1)
0.01(1)

0
—0.06(2)

O(1) x -y
z
B (A')

O(2) x

z
a (A')

0.0086 (4)
0.03(9)

0
0.0437 (8)
0.1842(5)

—0.22(8)

0
0.82(12)

0
0
0.1845(6)
1.93(13)

0.0085 (1)
0.12(2)

0
0.0426(2)
0.1839(1)
0.11(2)

0
0.68(7)

0
0
0.1828(4)
1.50(7)

0.0087 (1)
0.15(2)

0
0.0410(2)
0.1841(1)
0.21(2)

Scale factor 0.165(12) 0.189(14) 1.84(2) 0.779 (14) 0.885(3)
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placed by an O-O dumbbell, does refine successfully.
However, an alternate model involving interstitial 0 in
the La-0 layer also refines. Thus, it is impossible to
demonstrate uniqueness. One general conclusion that can
be drawn is that phase two is a structure in which the
oxygen-atom displacements, which lead to a rigid tilt of
the linked CuOs octahedra in the Bmab phase, have been
disordered into random directions. Perhaps this frustra-
tion of the coordinated tilting, which requires some oc-
tahedra to be distorted, is a result of the oxygen defect
that must be present in phase two. It should also be noted
that defect ordering could result in the formation of a su-
percell with superlattice reflections too weak to observe in
the present study.

Realizing that a unique solution for the structure of
phase two could not be obtained, subsequent two-phase
refinements were done with an Fmmm model (with isotro-
pic temperature factors) for the second phase. The
refined parameters for the Bmab and Frnmm phases for
the Sandia 3-kbar and Aronne O. l-kbar samples and the
Bmab phase of the Argonne nitrogen-annealed sample at
10 K are given in Table II. Figure 1 shows a portion of
the Rietveld refinement profile for the same three
refinements.

Two-phase Rietveld refinements based on a mixture of
orthorhombic Bmab and orthorhombic Fmmm phases
were performed for all of the samples listed in Table I in
order to determine the relative fractions of the two phases
in each sample and the structural parameters of each
phase. Since the lattice parameters of the two phases are
more widely separated at low temperature, conclusions
concerning the relative fractions of the two phases were
based on data collected at 10 K. In these two-phase
refinements the refined parameters included the lattice pa-
rameters, atom positions, isotropic temperature factors,
isotropic peak widths, and overall scale factors for each
phase. Due to high correlations (presumably resulting
from the extensive peak overlap), refinements in which the
oxygen site occupancies of both phases were varied were
found to be marginally unstable, leading to unreliable
values for these parameters. Thus, oxygen site occupan-
cies were fixed at their ideal values.

The relative fractions of the two phases for each sample
are listed in Table I. The Sandia sample annealed at 3-
kbar oxygen pressure is approximately 60% Fmmrn phase
and 40% Bmab phase. (The phase fraction given by the
refinement varies somewhat depending on whether isotro-

pic or anisotropic temperature factors are used in the
structural model and on the form of absorption and ex-
tinction corrections applied to the data. ) The Argonne
sample annealed at O. l-kbar oxygen pressure is 30%
Fmrnm phase. The Sandia and Argonne as-prepared
samples contain 12% and 8% of the Fmmm phase, respec-
tively. Two-phase Rietveld refinements for samples an-
nealed in vacuum or nitrogen yield values of less than 4%
for the Fmmm phase (if the structural parameters for the
Fmmm phase are held constant). Since, in this case, at-
tempts to refine only the lattice parameters of the Fmmm
phase lead to unphysical values, we conclude that the
small improvement in fit offered by the two-phase model
for these samples is not valid evidence for the presence of
the Fmmm phase. Thus, the limit of detectability for the
Fmmm phase by this technique is apparently near 4%, and
we have no evidence that the vacuum- or nitrogen-
annealed samples contain any Fmmm phase.

The lattice parameters for the Bmab and Fmmm phases
for each of the samples at 10 K are given in Table III.
The c axis of the Fmmm phase is systematically larger
than that of the Bmab phase by about 0.4%. This
lengthening of the c axis is compensated by a shortening
of the b axis, such that the cell volumes of the two phases
are nominally the same. Much smaller changes in lattice
parameters are observed within a given phase, suggesting
that the stoichiometry of the Bmab (or Fmmm) phase is
nearly the same in all samples. In particular, the Bmab
phase in two-phase (superconducting) samples is essen-
tially the same as the Brnab phase observed in the
vacuum- or nitrogen-annealed samples for which our
hydrogen-reduction experiment gave nearly perfect stoi-
chiometry. From this result we conclude that the Bmab
phase in these six samples always has a stoichiometry near
La2Cu04. Thus, the excess oxygen is almost entirely in-
corporated into the Frnmm phase. This conclusion is, of
course, consistent with the concept of phase separation
and implies that the separation process involves long-
range oxygen diffusion which leads to domains of a defect-
ed (oxygen-rich) phase and an undefected phase.

The domain size can, in principle, be estimated from
the width of the diffraction peaks. With the time-of-Sight
method, the peak-broadening effects of strains and parti-
cle (domain) size can be differentiated because they have
different wavelength dependence. For strain broadening,
hd/d is a constant (where d is the plane spacing). For
particle-size broadening, hd/d Cd/D, where C = 1 and

TABLE III. Refined lattice parameters and cell volumes at 10 K for the six La2Cu04+& samples studied by neutron powder
diffraction. Numbers in parentheses are statistical standard deviations of the last significant digit. Due to correlations in the two-
phase refinement, the actual uncertainties are much larger.

Sample
Bmab phase

b (A) c (A) V(A ) a (A)
Fmmm phase
b (A) c (A) v (A')

Sandia, 3-kbar
Argonne, 0.1-kbar
Sandia, as-prepared
Argonne, as-prepared
Sandia, vacuum-annealed
Argonne, nitrogen-annealed

5.3337(3)
5.3350(1)
5.3340(1)
5.3347(1)
5.3340(1)
5.3349(1)

5.4143(3)
5.4209(1)
5.4199(1)
5.4212(1)
5.4203(1)
5.4204(1)

13.1258(7)
13.1068(2)
13.1115(1)
13.1058(1)
1 3.1094(1)
1 3.1072(1)

379.06 5.3346(3)
379.06 5.3364(2)
379.05 5.3351(5)
379.03 5.3427(4)
379.02
379.03

5.3969(2)
5.3955(2)
5.3933(4)
5.3929(4)

13.1646(7)
13.1615(5) 378.95
13.1693(12) 378.93
13.1520(11) 378.94
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D is the dimension of the particle. Since the resolution of
the special environment powder diffractometer is hd/d
=0.0035, particle-size peak-broadening effects can be
readily measured for particles of dimensions less than
about 5000 A.. For the refinements of the six La2Cu-
Q4+s samples, no significant particle-size peak broadening
was observed for the Bmab phase of any of the samples.
For the Fmmrn phase, peak broadening could only be ac-
curately modeled in the two high-pressure-annealed sam-
ples where the phase fractions were 30% and 60% (see
Table I). The Frnmm phase in the Argonne O. l-kbar
sample showed particle-size peak broadening equivalent to
an average particle dimension of about 3000 A. This ob-
servation is consistent with the concept of a phase separa-
tion in which the Fmmm phase nucleates and grows in a
matrix of the Bmab primary phase. Even though 30% of
this sample is in the superconducting phase, the domains
are sufficiently small in comparison to the magnetic
penetration depth [2000-2500 A (Refs. 30 and 31)] that
Meissner-effect and flux-exclusion measurements yield
small values. Conversely, the Fmmm phase in the Sandia
3-kbar sample showed no measurable peak broadening.
This is consistent with a much larger domain size. More-
over, with 60% of the sample being in the Fmmm phase,
the majority of domains must have merged. Both of these
effects would lead to the substantially larger supercon-
ducting fraction (30%) as measured by flux exclusion (see
Table I). From these two samples it is impossible to
determine whether the density of nucleation centers is the
same in the Argonne and Sandia samples. Differences
arising from the different sample preparation techniques
are certainly possible and could explain the variation in
superconducting fractions for the as-prepared samples
listed in Table I.

13.22

13.18

13.14

13.10
5.43

5.41

5.39

5.37

5.35

5.33 l I I I

100 200 300 400
Temperature (K)

500

FIG. 2. Lattice constants vs temperature for the Argonne
La2Cu04+& sample processed in 0.1 kbar of oxygen at 580'C.
From 10 to 320 K the data are refined with a two-phase model
based on orthorhombic Bmab and Fmmm phases. From 320 to
430 K a single Bmab phase is observed. Above 430 K the struc-
ture is tetragonal 14/mmm.

TEMPERATURE DEPENDENCE OF
THE PHASE SEPARATION

In an attempt to further understand the phase-
separation process, the Argonne sample annealed in 0.1

kbar of oxygen was studied at a number of temperatures
from 10 to 498 K. A full Rietveld refinement was per-
formed on each data set in order to determine the relative
fraction and the structural parameters of the two phases.
The results of these studies are summarized in Fig. 2,
where the lattice parameters are plotted as a function of
temperature.

The phase separation occurs at about 320 K. All data
below this temperature can be successfully refined with a
two-phase model. For this study, the sample is assumed to
be single phase when we can no longer resolve a difference
between the refined lattice constants of the two phases and
when R value ratio tests favor a single-phase refinement
model. The fraction of Fmmm phase remains constant at
30%, within the experimental error of 1%, over the tem-
perature range from 10 to 320 K, with the qualification
that the phase fraction must be fixed as the lattice con-
stants converge near the phase-separation temperature. It
is not clear from these results whether the discontinuity of
the a lattice constant for the Fmmm phase near the

phase-separation temperature is real or is an artifact of
the data analysis. Such a discontinuity in lattice constants
would, in general, be expected for the minor phase in a
phase-separation process depending on the detailed shape
of the phase diagram. However, anomalies in the refined
lattice constants could also result from anisotropic peak
broadening (which we have not attempted to model) asso-
ciated with a decreasing domain size in this temperature
region near the phase separation. Qverall, however, the
two-phase refinements near the phase-separation tempera-
ture are surprisingly stable.

Immediately above the phase separation at 320 K, the
sample is single-phase orthorhombic with the Bmab struc-
ture. Changes in the thermal expansion (especially along
the b and c axes) of the Bmab phase in this single-phase
region (Fig. 2) undoubtedly result from the small concen-
tration of excess oxygen which must be present as a defect
in the single-phase region. The orthorhombic strain (b-a)
decreases with increasing temperature until a transition to
the tetragonal 14/rnmm structure occurs near 430 K. This
orthorhombic-to-tetragonal structural transition in La2-
CuQ4+s was previously reported to occur at temperatures
ranging from 450 to 530'C, and is known to depend criti-
cally on the oxygen stoichiometry of the sample. ' There
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is no precedent in the literature for predicting the transi-
tion temperature for a sample with oxygen stoichiometry
above 4. However, the lowering of the transition tempera-
ture for an oxygen-rich sample is in qualitative agreement
with the data of Johnston et al. '

The behavior shown in Fig. 2 was found to be complete-
ly reversible. The high-temperature data were taken in
two separate experiments in different furnaces. In the
first experiment, data were collected to a maximum tem-
perature of 413 K. Subsequent Rietveld analysis showed
that we had not quite reached the tetragonal phase. Thus,
in the second experiment, a small number of points were
taken within the previous temperature range and the max-
imum temperature was extended to 498 K. After each
high-temperature experiment, data were collected at 10
K. In both cases, analysis of the 10-K data gave the same
relative phase fraction (30/o) and the same lattice con-
stants for the two phases, implying that there had been no
loss of oxygen during the high-temperature experiments.

DISCUSSION AND CONCLUSIONS

These results show that samples of La2Cu04+s which
exhibit superconducting behavior contain two closely-
related orthorhombic phases. Samples prepared by vari-
ous techniques all contain the previously reported Bmab
orthorhombic phase with only small variations in lattice
constants. This phase is concluded to be nominally stoi-
chiometric La2Cu04 based on a hydrogen reduction of
one of the single-phase (nitrogen-annealed) samples. For
the six samples examined in this study, a second ortho-
rhombic phase (analyzed in space group Fmmm) is al-
ways present when superconductivity is observed, and is
not observed in nonsuperconducting samples. The two-
phase behavior is the result of a macroscopic phase sepa-
ration which occurs near 320 K. Since the overall oxygen
content of the superconducting samples is measured to be
greater than 4, this second phase is concluded to be an
oxygen-rich phase whose superconducting properties arise
from the charge imbalance provided by the excess oxygen.

The structure of the superconducting phase is closely
related to the nonsuperconducting Bmab La2Cu04 phase
and may in fact belong to the same space group. The
largest difference in lattice parameters is 0.4% and occurs
at low temperature ((200 K). The failure to observe in-
tensity in a small number of resolved reflections suggest
that the actual structure is F-centered (probably Fmmm
or F222), but extensive overlap of the diffraction peaks
makes a unique determination of the structure impossible.

Additionally, it is not possible to determine the structure
of the oxygen defect by which the excess oxygen is accom-
modated. For these reasons, more detailed conclusions
concerning the temperature- and/or oxygen-composition
phase diagram are not possible. If both phases are Bmab,
the phase diagram could involve a classic miscibility gap.
However, if the structures are different, the phase dia-
gram must be more complex.

For some samples which contain large fractions of the
superconducting phase, the measured Meissner effect and
flux exclusion remain small because the superconducting
domain size is of the order of the magnetic penetration
depth. However, as the fraction of the superconducting
phase is increased further (by annealing at higher oxygen
pressures) the domains grow and become connected and
large Meissner effects are observed.

With the oxygen pressures employed in this study it has
not been possible to make samples entirely in the super-
conducting phase. Thus, for these samples, the oxygen
concentration in the superconducting phase is controlled
only by the shape of the phase diagram (which may itself
have some pressure dependence). Within the pressure
range we have employed, annealing at different oxygen
pressures changes only the relative fraction of the super-
conducting and nonsuperconducting phases. This phase-
separation model is, therefore, consistent with our obser-
vation (Table I), and various reports in the literature, that
superconducting LaiCu04+ s exhibits surprising little
variation in the transition temperature T,.

Note added in proof. After this paper was accepted for
publication we became aware of the synthesis of bulk su-
perconducting La2Cu04+s at 800'C and 23 kbar oxygen
pressure. In agreement with our results, those authors
conclude that superconductivity results from excess bulk
oxygen (b =0.05) incorporated as an 0 interstitial de-
fect (whose structure has not been determined), and that
an additional superficial oxygen-containing species can
produce misleading TGA and XPS results and overesti-
mates of the value of b.
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