
BNL-67128

SUPERCONDUCTIVITY AND STRUCTURE IN
La2-xM xCuO4 , M=Ba, Sr, AND (Nd,Sr)

Arnold R. Moodenbaugh
Brookhaven National Laboratory

Upton, NY  11973-5000
moodenba@bnl.gov

Book Chapter Submitted to:

In Studies of High Temperature Superconductors:  Advances in Research and
Applications, A. V. Narlikar, Editor, NOVA Publishers,



SUPERCONDUCTIVITY AND STRUCTURE IN
La2-xM xCuO4 , M=Ba, Sr, AND (Nd,Sr)

Arnold R. Moodenbaugh
Brookhaven National Laboratory

Upton, NY  11973-5000
moodenba@bnl.gov

1.  INTRODUCTION

The identification of charge stripes in La2-x-yNdySrxCuO4 (Nd-214) [1-3] has re-
energized research on the original high transition temperature (Tc) superconductor,
La2-xBaxCuO4 (Ba-214) [4], and related compounds.  Early in the study of Ba-214, a low
temperature phase transition was associated with changes in electrical properties [5]. An
apparent suppression of Tc near Ba x=0.125, was initially associated with a first order
low temperature phase transformation [6-10].  However, it was later shown that only
very near Ba x=0.125 was Tc reduced markedly, and that the relationship between crystal
structure and Tc is more complicated.  This review will describe the low temperature
crystal structures and microstructures, as well as the superconducting properties as
determined from low field (1-100G) dc magnetometer measurements for Ba-214, Nd-214,
and La2-xSrxCuO4 (Sr-214).  We will also describe some work in the related La2-xCaxCuO4

(Ca-214).   A basic knowledge of the interactions among superconductivity and low
temperature phases will allow us to better understand the significance of the underlying
charge stripe phases.  

The nominal phase diagram (composition x vs. temperature T) for M=Sr (Ba) is
shown in Fig. 1 [after ref. 9].  Above T=100 K the systems are similar.  The high tem-
perature structure is tetragonal layer perovskite (HTT).  With Sr (Ba) substitution for La,
the second order transformation temperature to an orthorhombic structure (LTO1) falls
below room temperature.  For M=Ba, below about T=70K, another phase, having an
expanded tetragonal cell (LTT), appears for compositions x>0.09. This LTT phase
probably extends to x≈0.21, the LTT/HTT phase boundary.  This basic phase diagram as
originally described will be essentially unchanged.  However, high resolution x-ray
diffraction (XRD) and low temperature transmission electron microscopy (TEM) suggest



a more complicated situation.
There appear to be wide
ranging phase mixtures,
especially of minority LTT in
nominal LTO1 phase [11].

The phases described
above are layer perovskite
K2NiF4 type [12].  The HTT
phase is nominally undistorted
with space group I4/mmm,
ahtt~0.38nm, chtt~1.32nm.  It
has been observed that the
local order in this phase is not
strictly HTT; the CuO6

octahedra tilt locally, but
without long range order [13-
14].  The LTO1 phase occurs
when the CuO6 octahedra tilt
away from clto1 in the direction

of the octahedral edge.  This produces a corrugation in the CuO2 plane. The tilt angle
(deviation from vertical) increases as temperature falls, and decreases as a function of x for
fixed temperature.  The crystal structure has standard space group Cmca, here indexed
Bmab to retain chtt.  The alto1 and blto1 lattice parameters are rotated 45o from ahtt and have
magnitude ~(√2)ahtt.  A schematic diagram of the LTO1-type tilting is shown in Fig. 2a.
In the figure the tilt angles are exaggerated and the view is down the c axis.  In this LTO1
structure, the microstructure reveals twinning.

The tilting pattern for the LTT structure is shown in Fig. 2b.  In this structure the
CuO6 octahedra tilt in the direction of the corners [8,9].  This structure has alternating
layers along the c axis (not shown) which tilt 90o away from the illustrated layer.  The
LTT structure altt is similar to the corresponding LTO1 parameters.

An additional distorted layer perovskite phase is commonly encountered in the
Rare Earth substituted systems including La2-x-yNdySrxCuO4 [15,16].   The LTO2 phase
(pccn space group) can be thought of as a linear superposition of the LTO1 and LTT
phases, where the tilts of the CuO6 octahedra are directed in some intermediate direction
[8,9,15].

This paper is organized based on the material systems studied, beginning with
section 2 covering La2-xBaxCuO4.  In each section structures will be described, followed
by superconducting properties.  A general description of superconducting measurements
and properties of polycrystalline high Tc superconductors is included in section 2.  A
short section 3 provides some information on La2-xCaxCuO4.  Section 4 covers primarily
La2-x-yNdySrxCuO4.  Finally there is a short conclusion.

2.  La2-xBaxCuO4 STRUCTURES AND SUPERCONDUCTIVITY
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Figure 1. Nominal phase diagram for La2-xM xCuO4

after Axe, et al. [9].  LTT phase below dashed line is
for M=Ba only.  Nominal LTO1 region commonly
exhibits ~10% LTT phase below T~150 K and
0.05≤x≤0.12.



HTT phase.  The high temperature tetragonal (HTT) phase of La2 xBaxCuO4 has
the I4/mmm space group.  The phase is, for Ba>0.21, stable at the lowest temperatures
and is superconducting.  This phase, as determined by x-ray and neutron diffraction
evidence, is the simplest structure in the system.  However, local probes suggest local
disorder.

Billinge et al. [17] performed pair distribution function (PDF) analysis of x-ray
diffraction data for Ba x=0.125 and 0.15 at temperatures up to 325 K.  Their data
suggests an LTT-type tilt of the CuO6 octahedra in the LTO1 phase, and even in the
nominal HTT phase.  Haskel et al. [18] recently performed x-ray absorption fine
structure (XAFS) experiments on oriented La2-xBaxCuO4.  Their analysis also shows that
the CuO6 octahedral tilt is not changed when going through the LTO1/HTT
transformation.  Their result is qualitatively consistent with that of Billinge et al. [17],
confirming an octahedral tilt in the HTT phase also being consistent with LTT-type
tilting in both phases. PDF and XAFS conclusions may be consistent with the HTT
diffraction results if the LTT-type tilts are not ordered over large distances. Haskel et al.
[18] also looked at the local environment around the Ba species.  They found that the
local environment is severely distorted relative to the La environment.  This suggests an
intrinsic local disorder in La2-xBaxCuO4 due to the Ba substitution.

Application of high pressure drives the distorted (LTO1 and LTT) phases toward
the HTT phase.  Early superconductivity measurements suggested that for Ba x=0.125
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Figure 2.  Schematic view down c axis of CuO6 octahedral layers as seen projected
onto the [001] plane illustrating the LTO1 and LTT distortions.  Oxygen atoms are
at corners of squares, as well as at apices of octahedra.  Displacement of apices is
exaggerated. (a)  In the LTO1 phase the octahedra tilt toward edges, producing a
corrugation in the plane.  (b)  In the LTT phase the octahedra tilt toward the
corners.  



and pressure p=20 kbar, Tc is as high as at neighboring compositions [19].  However,
later work [20,21] showed that while Tc increases with pressure, it is still somewhat
suppressed near p=20 kbar.  Because the differences in the subject crystal structures are
subtle, and high pressure diffraction experiments may have lower resolution, it is often
difficult to determine exactly when the sample becomes HTT under pressure.  Crawford
[16] has done careful diffraction work which suggests that, for Ba x=0.125, the HTT
phase is not obtained below 20 kbar.  Rather, the samples appear to adopt the reduced
orthorhombicity characteristic of the LTO2 phase.

LTO1 Phase.  The LTO1 phase of La2-xBaxCuO4 appears as a low temperature
distortion of the HTT phase [8,9].  In diffraction the orthorhombicity increases contin-
uously as temperature drops below the phase transition temperature.  It appears that the
transition is second order.  However, both XAFS [18] and PDF analysis [17] on the HTT
phase show that locally, octahedra are tilted at high temperature.  A rearrangement of
these octahedra across the transition might suggest a first order transition from HTT
phase to LTO1 phase.

The local probes (PDF [17] and XAFS [18]) both find that the CuO6 octahedra
are locally tilted in the (110) direction (LTT type) while diffraction suggests a (100) tilt

pattern.  In the case of
oxygen-reduced YBa2Cu3O7-δ

(1:2:3) a local orthorhombic
order due to chain ordering
may result in an overall
tetragonal structure as
determined in diffraction [22].
However, in 1:2:3 there remain
microstructural indications of
the local orthorhombicity.
Transmission electron
microscopy (TEM) shows
diffuse scattering in
diffraction; a “tweed”
structure appears in images of
the structure [22].  It is
puzzling that no such features
have been reported in TEM
investigations of LTO1 phase
La2-xBaxCuO4.  The only
prominent microstructural
features are the LTO1 twins.

High resolution x-ray
diffraction (HRXRD) has been
performed many times on the
LTO1 phase of La2-xBaxCuO4.
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Figure 3.  High resolution x-ray diffraction data for the
LTO1 phase (200) and (020) peak region for
La1.91Ba0.09CuO4 at T=70 K.  The sample is nominally
LTO1. A two peak fit, (solid line) appropriate for the
LTO1 phase, shows LTT phase scattering in the
corresponding two peak fit difference plot.  A three
peak fit, incorporating a broad LTT (200) peak,
provides an excellent fit to the data.



Many of these investigations [8,9,15,23] have concluded that samples are LTO1 phase.
In some cases there is evidence of an imperfect fit to the (200), (020) or (400), (040) peak
region when two LTO1 peaks are assumed [15].  However, more recent high resolution
synchrotron x-ray diffraction studies of
La2-x-yNdySrxCuO4 have examined the (200) and
(020) peak region through the LTO1/LTT
transformation temperature [11].  The peaks here
were fit with pseudo-Voigt Lorentzian-Gaussian
shapes incorporating peak asymmetry based on the
known diffraction geometry of the BNL NSLS X7A
beamline [24,25].  It was found that previously
unaccounted-for diffraction might reasonably be
interpreted as an LTT-type diffraction peak.  The
LTT peak shape is consistent with a domain size of
~50 nm.  A similar diffraction scan of nominal LTO1
phase Ba x=0.09 sample at T=70 K [26] is shown in
Fig. 3.  A two peak fit to the data shows excess
scattering between the two LTO1 peaks, which
corresponds to ~10% of the total diffraction
intensity in the segment.  A three peak fit, suggesting
a minority LTT phase peak between the LTO1
peaks is excellent, as shown by the difference plot at
the bottom of the figure.  A series of diffraction
scans for Ba x=0.09 at a various temperatures are
shown in Fig. 4.  The parameters obtained from the
fits to the data are displayed in Fig. 5.  In Fig. 5c, the
LTT-type diffraction intensity is present at or above
the 10% level from the LTT transition temperature
T1=40 K up to 160 K.  For this sample the peak
FWHM appears to decrease slightly at temperatures
below T1 (Fig. 5b).  Lattice constants for both
phases are consistent on passing through the trans-
formation. (Below T1=40 K, the LTO1 phase peak
shapes were fixed to values obtained above T1.)  

The presence of the LTT-phase minority in
nominal LTO1 phase material is a widespread
phenomenon also observed in La2-xSrxCuO4 [11] and
La2-x-yNdySrxCuO4 [26,27].  However there is no
observable LTT phase in unsubstituted LTO1 phase
La2CuO4 down to the 3% level [27].  It might
initially be reasonable to relate the LTT minority
phase in LTO1 phase material with the LTT-type
tilt directions determined from local probes XAFS

Figure 4.  Stack plot of a series
of diffraction scans at a series of
indicated temperatures for
La1.91Ba0.09CuO4.  Fits are illus-
trated by the lines through the
data.  Above T=160 K the fits
are for two (LTO1) peaks.
Below T=160 fits are for three
peaks, indicating a phase mixture
of LTO1 and LTT phases.



and PDF.  However, the local probes
find ~100% LTT-type tilting, and there
is usually no more than 15% LTT phase
in nominal LTO1 phase from HRXRD.

There have been several TEM
studies of La2-xBaxCuO4 [28-34].  It is
often difficult to obtain data on these
crystal phases at low temperatures.  The
low temperature stages are a source of
sample drift. Also, the superlattice peaks
used to identify the phases [34] are very
weak, and often difficult to differentiate
from multiple scattering.  In general,
there are few microstructural features
associated with the LTO1 phase, the
twin boundaries being prominent. TEM
suggest that the <15% minority LTT
phase in LTO1 phase La2-xBaxCuO4 may
be nucleated at the LTO1 twin
boundaries [34].

LTT phase.  The LTT phase
was first observed in La2-xBaxCuO4 [5,8,
9,35].  This phase has a unit cell, similar
to that of the LTO1 phase, in which the
a and b axes become equivalent.  In
diffraction work, (h00) peaks are
typically broadened compared to the
LTO1 phase (h00) and (0h0) peaks.  The
transformation from LTO1 to LTT
phase appears to be first order, the
majority of the transition taking place
within a ~10 K interval.  We define the
LTO1/LTT phase transformation
temperature T1 based on x-ray
diffraction data. T1 is the temperature at
which half the diffraction intensity of the
(200), (020) diffraction region is found in
the LTT phase (200) peak (Fig. 5c) [11].

The approximate phase diagram
in Fig. 1 is very similar to the early
results of Axe and coworkers [8,9]  In
that work, because of the moderate
resolution of the diffraction data, it was
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Figure 5.  Fitting parameters from the Fig. 4
peak fits for LTO1 and LTT phases.  (a)
Lattice parameters for LTO1 show the
characteristic increase in orthorhombic
splitting as temperature is reduced.  At
lowest temperature fits suggest ~10% LTO1
remaining in LTT phase (for Ba x>0.09
samples appear to be pure LTT at lowest
temperatures).  (b)  Peak full width at half
maximum.  For this sample the LTO1 and
LTT peak widths do not vary greatly
through T1=40 K.  (c)  Peak intensities as a
function of temperature for the LTO1 (200),
(020) and LTT (200) peaks showing the
LTO1/LTT transformation temperature to
be near T1=40 K.



not clear how high in x the LTT phase extends at low temperature.  Billinge et al., using
high resolution x-ray diffraction, [23] showed that the LTT phase extends at least to
x=0.15.  More recently it was observed that, at x=0.09 (Fig. 5c), the sample does not
transform completely to LTT.  Because the transformation is ~90% complete, we can
safely say that the Ba content x=0.09 is essentially the phase boundary at low tempera-
ture between the LTO1 and LTT phases.

In earlier x-ray diffraction experiments, it was often suggested that a portion of
LTO1 phase persisted in predominantly LTT material [8,9,23].  In those cases the peaks
were often fit with Lorentzian shapes which are probably inappropriate for broadened
peaks.  Apparent excess intensity in the wings appeared because of the assumption of a
Lorentzian peak shape.  This extra intensity was interpreted as being due to an LTO1
minority phase.  However, we have simulated a (200) peak shape given a domain length
of ~50 nm [11].  The calculated peak shape is very close to the shape of typical LTT
(200) peaks, a pseudo-Voigt 0.7 Gaussian/0.3 Lorentzian.  For a Ba x=0.12, the observed
LTT (200) peaks shapes are consistent with 100% LTT phase at low temperature [27].

Again the apparent simplicity of the diffraction patterns is not wholly consistent
with the TEM studies.  The early electron microscopy studies by Chen and co-workers
[28-30] revealed a complicated microstructure.  They observed the LTO1 twin boundaries
in the microstructure of the LTT phase material.  Between the twin boundaries they
observed ~30-50 nm domains separated by antiphase boundaries.   In fact these TEM
observations, combined with the observation of the LTT phase nucleating at LTO1 twin
boundaries, are the basis for proposing a two step process in the transformation of the
LTO1 phase to the LTT phase [11,34] (See Fig. 6).  Above T1 the LTT phase propagates
~50 nm from the twin boundaries, but no further.  Near T1 the LTT phase begins to
nucleate within the twins.  The various domains may not coalesce into a single LTT phase
structure because of the antiphase boundaries [29].  Chen et al. also noticed a remaining
small and variable orthorhombic distortion in the nominal LTT phase. [28]

Local probes PDF analysis [17] and XAFS [18] both suggest that LTT phase
octahedra in La2-xBaxCuO4 locally tilt in the [110] set of directions appropriate to the
LTT crystal structure.  It is ironic that LTT local structure is consistent with the long
range structure as determined from diffraction, but shows a complicated microstructure.
The LTO1 local structure (octahedra tilting direction) has been determined to be like LTT,
implying local disorder, but the microstructure is relatively simple.

Superconductivity.  The superconducting properties of La2-xBaxCuO4 are
affected by the crystal structure at low temperatures, but there is not a direct relationship
between crystal structure and superconductivity.  The variation of superconducting
transition temperature Tc with composition [36] is shown in Fig. 7.    When the LTT
phase was first discovered, it was linked to a depression of Tc near x=0.125 [6,7,37,38].
However, Billinge et al. [23] later demonstrated that a relatively high Tc composition
x=0.15 retained the LTT phase.  Also, samples with composition near x=0.09 are nearly
completely LTT phase, but the superconducting transition temperature is relatively high
at this composition also.  The depression of Tc is really associated with the Ba x=0.125
(hole content p=0.125) composition.



Fig. 6.  Electron diffraction contrast observed in La1.88Ba0.12CuO4 at a nominal T=20 K.
The LTO1 microstructure persists at temperatures at which the LTT phase is predominant
in diffraction. (a)  A dark field image using the LTO1 superlattice reflection (121) of the
(101)* projection.  The twin boundaries are inclined, and only one set of twin domains is
illuminated.  (b)  The bright field image of the same area in the [001] orientation.  Image
is offset so corresponding twins line up.  (c)  The dark field image viewed in the same
orientation as (b), but using the LTT superlattice (110) reflection.  Observe that only the
twin boundaries show the bright contrast characteristic of the LTT phase.  After Ref.
[34].





Additional demonstrations of the
requirement for hole content p=0.125
come from substitution of species which
change the average valence at the La site.
Maeno et al. [39] showed that Th (4
valent) substitution for La shifted the
minimum in transition temperature to
maintain p= 0.125.  Oxygen control
studies also suggested that p=0.125  has
a special significance.  First Takayama-
Muromachi et al. [40-42], then
Moodenbaugh et al. [36], showed that
the minimum in Tc follows p=0.125 for
oxygen reduced samples.  As oxygen is
removed from the compound, the Tc at
the minimum rises compared to fully
oxidized samples (but remains low
compared with composition adjacent in
Ba content x).  Takayama-Muromachi et
al.[41] showed using low temperature
diffraction studies that the oxygen
reduced samples remain in the LTT
phase, so a change of phase is not the
cause of the increase in Tc.  The increase
in Tc with oxygen removal may be a
result of a smearing out of the band
structure caused by oxygen disorder
[36].

Much has been said about the
disappearance of superconductivity near
x=0.125 and of the relative volume of
superconducting material at various
compositions. In fact our measurements

always show a significant superconducting transition above  2 K for Ba x=0.125.  We will
describe in detail some of the factors, both intrinsic and extrinsic, that affect the
superconducting behavior of polycrystalline samples.

J. R. Clem and Z. Hao [43] calculated the superconducting flux expulsion that
might be expected for monolithic samples.  Depending on sample shape the apparent
superconducting fraction in zero field cooled (ZFC) conditions attains the order of 100%.
They showed that for field cooled (FC) samples the apparent superconducting volume
(Meissner fraction) could be <20% of that observed in  zero field cooled (ZFC)
conditions.  The source of the difference is flux pinning, which impedes expulsion of flux
in FC conditions.  
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Figure 7. (a)  Superconducting transition
temperature  (onset as determined from zero
field cooled low field measurement) as a
function of Ba content x.  (b)  Apparent
superconducting volume as a function of Ba
x as determined from magnetization
measurements made above Hc1j (the field at
which the grains become decoupled).



In our work we often observe additional problems with low field FC
measurements of superconductivity.   The sample signal, using a Quantum Design
MPMS, behaves normally above the temperature at which flux pinning occurs, the
irreversibility temperature [44], showing a superconducting onset.  However, at lower
temperatures, for many samples, the MPMS interprets the signal as a positive moment;
the MPMS signal no longer closely approximates the shape expected from a dipole [27].
Apparently, strong flux pinning within the sample prevents the magnetic flux from
approaching equilibrium in these FC measurements.

Another practical problem in measurements of polycrystalline high temperature
superconductors is the effect of grain boundaries on the measurements.  Clem treated this
problem theoretically as an array of superconducting grains connected by more weakly
superconducting grain boundaries.  This situation is often referred to as the weak-link
problem.  Clem [45] defined two distinct lower critical fields.  Hc1J (J for Josephson)
represents the critical field for the weak links.  In La2-xBaxCuO4 and related compounds
this field is typically ≤20 G. Fig. 8 shows magnetization M as a function of applied field
H and Tc determined after ZFC. For H<Hc1J and temperature well below Tc the apparent
superconducting volume from ZFC measurements is ~100%.   At some higher field,
depending on sample properties, the superconductor exhibits a second critical field, called
Hc1g (for grains).

Above Hc1J the grain boundaries become non-superconducting and the external
field can thread through the sample along those grain boundaries.  The apparent super-
conducting volume is significantly reduced (to 10-50% of sample volume).  The drastic
reduction in volume is due to the penetration depth λ being the same order of magnitude
as the grain size.  Because λ is dependent on the crystallographic direction, even the grain
shape can affect apparent volume.  The value of λ is also known to be composition
dependent [46].  Thus the apparent   superconducting   volume for polycrystalline



samples is a complicated function of
intrinsic properties (λ) as well as of
extrinsic properties (microstruc-
ture).  The earlier investigation by
Nagano et al. [46] of La2-xSrxCuO4 is
a good example of a study based on
similar considerations, and we will
examine that work in the next
section.  Those authors opted to
powder their samples to a chosen
grit.  This procedure eliminates the
full volume superconductivity
observed below Hc1J.  Consequently
the double superconducting
transitions encountered for some
measuring fields and some sample
compositions are avoided.
However, an additional complication
is that some of the grains will be
broken up during the grinding
process, while, at the same time,
there may be some particles that
may still not be single grains.

Fig. 7a shows Tc as a
function of composition for
La2-xBaxCuO4, the value of Tc being
taken as the onset temperature
determined from low field ZFC
measurements [36].  The onset Tc is
determined from extrapolating the
steepest slope of the magnetization
curve to the intersection with zero
magnetization.  The method gives a
reasonably consistent value at low
applied field, as long as there is not
a double transition due to the
applied field being near Hc1J (see
Fig. 8).   Li et al. [47], in a study of
Sr-214 single crystals, showed very
good correspondence between Tc

determined using a similar extrapo-
lation and Tc obtained from a BCS fit to λab(T).
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field at a series of temperatures for a sample of
La1.91Ba0.09CuO4.  Sample is a well sintered
polycrystalline pellet.  For T>20 K the full
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In Fig. 7b the apparent volume taken from the M/H slope above Hc1J after ZFC is
plotted.  For samples with Tcs below 10K the M/H measurements were taken at T=2K.  
There is considerable scatter, [36,27], but there are also some identifiable trends in the
data.  The apparent volume fraction of superconductivity increases with Ba content x
over a large range of x.  This is primarily due to the reduction of penetration depth λ as
holes are doped into the system [46,47].  Much of the scatter is likely due to the
variability in sample microstructure.  Grain size and shape variations affect the apparent
volume fraction as described above. The dependence of λ on temperature also has an
effect, especially when the measurement of M/H takes place at T>0.5Tc. There is a
noticeable reduction in apparent volume fraction for x≈0.125.  A similar reduction in λ in
the M=Sr system near x=0.12 was noted earlier [46,48].  In our data it is not clear
whether the reduction in apparent volume fraction of superconductor is due to
microstructure or to intrinsic superconducting properties.

The Tc vs. Ba x results should be compared with the low temperature phase
diagram shown in Fig. 1.  Near the LTO1/LTT phase boundary near x=0.09 there is no
major change of character of superconductivity.  Only for Ba contents near x=0.12 is the
Tc reduced.  Note also that all samples we have prepared near x=0.12 have significant
superconducting transitions above T=2K [27]; again we emphasize that the Ba x=0.125
are superconducting.  We have also observed that the choice of starting materials may
affect superconducting transition temperatures.  In general, Tcs may vary by several
degrees, and this variation is reasonably consistent across the superconducting
composition range of Ba x.

Another common feature of superconductivity in the Ba-214 system near x=0.125
is the existence of a high temperature tail of a few percent of the total signal reaching to
T=30 K, even for samples with Tc<5 K [6,7].  This suggests there might be an
inhomogeneity, perhaps in Ba content, or a low temperature phase mixture of LTT with
LTO1 phase.  While the diffraction results are consistent with single phase material [26],
the low temperature TEM work demonstrates some inhomogeneity at low temperatures
[28-30,34].

In summary there is little direct effect of the identity of the stable low
temperature phase, whether LTT, LTO1, or HTT, on superconducting properties of
La2-xBaxCuO4.  The compound becomes superconducting near x=0.06 in the LTO1 phase
(near the insulator/metal boundary) and remains superconducting through the LTT phase
composition range, and well into the HTT composition (near x=0.25) [6,7].  Within the
LTT phase near Ba x=0.125, Tc is reduced but samples remain fully or nearly fully
superconducting.

3.  La2-xSrxCuO4

HTT Phase.  The La2-xSrxCuO4 system was first mapped out by Takagi et al.
[12] in connection with an investigation into superconductivity.  Except for the absence
of an LTT phase, the phase diagram as determined from diffraction studies is similar to



that of La2-xBaxCuO4 [46,48,49] (Fig. 1).  The HTT phase has been studied using
diffraction techniques as well as local probes, XAFS [13] and PDF analysis of diffraction
results [50].  TEM studies of the system have also been performed [28-30,33,51].
Radaelli et al. [48] have thoroughly investigated sample preparation techniques.  They
found that reaction temperatures of 1170o C were necessary to promote single phase
samples, especially for Sr x>0.20.  In their opinion, heat treatments between 900o C and
~1100o C are to be avoided because of the partial decomposition of the Sr-214 phase.

In diffraction work the HTT phase in Sr-214 phase appears similar to that
observed in Ba-214.  But again PDF and XAFS indicate that the relatively simple
structure indicated by diffraction analysis may be more complicated on a local level.
Haskel et al. [13] showed using XAFS that at low temperature in the nominal HTT
phase, for Sr x=0.25 and 0.30 at low temperature and x=0.15 near room temperature, local
tilting of octahedra persists.  Bozin et al. [50] performed PDF analysis of diffraction
work which, in agreement with the XAFS conclusion, indicated that the octahedra remain
tilted in the HTT phase for x>0.21.  In this composition range for which the HTT phase
is stable at low temperature the PDF analysis could not distinguish the direction of the
tilt.  

LTO1 Phase.  The LTO1 phase in Sr-214 is, from analysis of diffraction data,
similar to that of Ba-214.  However local probes again distinguish between these two
materials.  Haskel et al. [13] concluded that their XAFS data for LTO1 phase are
consistent only with the (100) expected from crystallographic considerations.  

Bozin et al. [50] reported PDF analysis of diffraction data on the LTO1 phase.
They found the major tilt direction is (100), in agreement with XAFS and diffraction
work for x=0 and x=0.05.   For x>0.05 the authors cannot clearly distinguish between tilt
directions based on their analysis.  However, their work did state that a minority LTT
phase at low temperature in LTO1 phase Sr-214 improved their fitting.  

The observation of a minority LTT phase in nominal LTO1 phase material is
consistent with high resolution x-ray diffraction findings.  Moodenbaugh et al. [11]
published work on Nd-substituted La1.88-yNdySr0.12CuO4 including y=0 (see previous
section for details).  They found up to 10% LTT minority phase in nominally LTO1
phase Sr-214 for temperatures <100 K.  This work has been extended to other
compositions [27] and shows the phase LTO1/LTT phase mixture occurs at low
temperatures for Sr 0.03≤x≤ 0.12.  (Above x=0.12 the orthorhombic splitting at low
temperature is insufficient to resolve a possible LTT component.)

TEM investigations of the Sr-214 LTO1 phase at low temperatures are not com-
pletely consistent.  The low temperature TEM investigations are difficult, and the studies
described actually utilized different methods.  C. H. Chen et al. [28] performed an early
TEM study of Sr-214 at several compositions.  They found the samples to be homo-
geneous LTO1 phase, with twins as the major microstructural feature.  More recently
Horibe et al. [30] reinvestigated the compound (Sr x=0.115) utilizing dark field imaging of
the characteristic LTT (100) peak (forbidden in LTO1 phase).  Below T=104 they found
scattering characteristic of LTT (or LTO2) phase at twin boundaries and, in addition, at



antiphase domain boundaries within the
twins.  The conclusions by Horibe et al.
appear to be consistent with a minority
LTT phase in nominal LTO1 Sr-214
[30].

Superconductivity .  Much of
the preliminary discussion of super-
conducting behavior in connection with
Ba-214 holds for Sr-214.  Takagi et al.
[12] first published Tc as a function of
temperature in Sr-214.  That work
showed the essential elements of super-
conductivity in the high Tc super-
conductors.  For x>0.06, near the
insulator-metal boundary Tc rises to a
maximum, then falls at higher x.  Even-
tually, superconductivity disappears
near x=0.25 although samples remain
metallic.  Later work showed additional
details of Tc variation with composition.
Kumagai [37], Takagi et al. [52], Oda et
al. [53], and Crawford et al. [54],
observed a slight dip in Tc near x=0.115,
reminiscent of the more violent variation
of Tc near x=0.125 in Ba-214.  One
report [55] shows a dramatic drop in Tc

to below 2 K.  Fig. 9 shows Tc and
nominal superconducting volume fraction
as a function of Sr x [56].  The dip in Tc

is apparent near x=0.115, in spite of the
sample being nominal (~90%) LTO1
phase at low temperature.  There is
scatter in the volume fraction of super-
conductivity, probably introduced by microstructural sample-to-sample variations. There
may be a reduction in voume fraction near the same x=0.115 composition [46,48].  No
abrupt change in Tc is observed on crossing the LTO1/HTT phase boundary near x=0.21
(compare Fig. 1 with Fig. 9) [46,48].

The details of superconductivity in the Sr-214 system have been studied very
thoroughly.  Much of the effort, most notably by Nagano et al. [46] and Radaelli et al.,
[48] was motivated by a report [49] that the HTT phase (x>0.21 at low temperatures) is
not superconducting.  Nagano used careful preparation and superconductivity
measurement techniques to document the superconducting properties of Sr-214.  This
work relied on powdered samples combined with SEM measurements to determine
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typical grain sizes along with penetration depth λ determinations, to provide reliable
information on superconducting volume fraction for these samples.  The authors
concluded that the superconducting properties of Sr-214 vary continuously across the
LTO1-HTT phase boundary near x=0.21.  In addition the authors identified the Sr
x=0.125 sample as having a relatively low Tc as well as a relatively high λ, resulting in a
lower apparent superconducting volume.  Radaelli et al. [48] are in agreement with the
major results of Nagano et al. [46], Both have similarly low Tc and low apparent volume
fractions near x=0.12.  In Ref. [48] the sample preparation methods and diffraction results
were emphasized.  Those authors also conclude that superconducting properties are
continuous across the LTO1/HTT phase boundary.

Again in the Sr-214 system the superconducting properties are only subtly
different across phase boundaries.  Across the LTO1/HTT boundary near x=0.21
superconducting properties appear continuously varying.  Based on the PDF and XAFS
observation of local octahedral tilting in the HTT phase, the local environment may be
similar on both sides of the boundary.  In the nominal Sr-214 LTO1 phase at low
temperatures, careful analysis of diffraction reveals the presence of ≤10% LTT phase
[11].  Apparently linked with the presence of minority LTT phase is a slight reduction in
Tc and volume fraction of superconductivity in Sr-214 x=0.12.  Nagano [46] observed an
increase in penetration depth λ which may account for the reduction in apparent
superconducting volume fraction.

4.  La2-xCaxCuO4

The La2-xCaxCuO4 system has been less intensely studied that the M=Sr and
M=Ba systems.  Early work suggested maximum superconducting transition
temperatures in the system near 20 K [57-59].  Oh-Ishi et al. [59] estimated a Ca
solubility limit x=0.2. Fukuoka et al. [60] used high pressure oxygen heat treatment to
produce samples with transition temperatures near 35 K.  These authors suggested that
the solubility limit for samples produced at 1 bar pressure is near x=0.10 but, for the high
oxygen pressure treated samples, the solubility limit is raised to near x=0.125.  The
authors also allowed an alternative interpretation, the possibility that oxygen deficiency
was corrected by the high pressure heat treatments.

Later Moodenbaugh et al. [61] examined the solubility of Ca in La2CuO4 in
samples prepared at 1 bar oxygen.  Using calibrated wavelength-dispersive electron micro-
probe, they determined the solubility limit to be near x=0.10.  Dabrowski et al. [62]
prepared a series of single phase samples for x≤0.2 using high pressure oxygen heat
treatments.  They found a maximum superconducting transition temperature near 33 K
for x=0.15.  The x dependence of Tc in this M=Ca system is qualitatively similar to that
in the M=Sr system, with transition temperatures somewhat reduced relative to the
M=Sr system at all compositions [62].



5.  La2-x-yNdySrxCuO4 AND OTHER RARE EARTH SUBSTITUTIONS

Structures.  Crawford et al. [63] initially investigated. partial Rare Earth sub-
stitutions for La in La2-xSrxCuO4.  These compounds, often superconducting, are closely
related in structure to the La2-xBaxCuO4 superconductors, commonly with LTT phase
stable at low temperatures.  In addition these materials often have LTO2 crystallographic
modifications that were predicted by Axe [8,9], but never clearly observed in the original
La2-xBaxCuO4 system.  

More recently the La2-x-yNdySrxCuO4 system has been utilized as the model
system for the study of charge stripes [1-3].  The availability of large single crystals in
this system permits the unambiguous observation of charge stripes.  Such experiments in
La2-xBaxCuO4, where stripes are also expected to occur, are not possible because progress
in single crystal growth of Ba-214 in that system has proved elusive.

There is general agreement among investigators concerning the low temperature
crystallographic phases in La2-x-yNdySrxCuO4.  The nominal low temperature phase
diagram for the La2-x-yNdySrxCuO4 system is illustrated in Fig. 10, following Buchner and

coworkers [64,65].  There
have been noticeable dis-
crepancies in reporting of
superconducting properties,
with most observers [15,56,
66-68], even those [69]
explicitly following the
sample preparation methods
of Breuer et al. [65], repor-
ting a greater range of super-
conductivity than Ref. [64].   

In work using high
resolution x-ray diffraction,
the temperature dependence
of the structure Sr x=0.12,
Nd y=0, 0.01, 0.02, and 0.04
was reinvestigated [11].  
The results are in general
agreement with previously
published work.  However,
in the nominal LTO1 phase,
there is an ~10% LTT
component at temperatures
in a range of at least 50 K
above the nominal
LTO1/LTT (or LTO2)
transformation temperature.  
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Figure 10.  Nominal phase diagram at low temperature
for La2-x-yNdySrxCuO4.  There is general agreement on
the phase diagram.  There is disagreement on the extent
of superconductivity observed.  Illustrated are the
superconductor/normal (SN) boundaries as determined
by Buchner et al. [64] and by Moodenbaugh et al. [56].
Buchner shows a much more restricted range of
superconducting samples.  See text for details.



Superconductivity .  Crawford et al. [15] and Buchner et al. [70] have performed
thorough investigations of structure and superconducting properties in this system.
Crawford et al. [15] found that superconducting transition temperatures were reduced
near the Sr x=0.12 composition in LTT samples.  Superconducting properties of samples
exhibiting LTO2 phase structure are less well understood.  Crawford [71] obtained Tcs
and determined structure at low temperature for a series of Sr x=0.12 samples which
suggests that Tcs are intermediate between those observed for LTO1 and LTT phases,
and LTT phase samples for a range of compositions are superconducting, but with
reduced Tcs.  Buchner and coworkers [70,72], however, have consistently reported wide
ranges of non-superconducting behavior of LTT phase compositions (see Fig. 10) in a
long series of publications [72-82].  In fact, this disagreement prompted a re-evaluation of
the system's superconducting properties utilizing polycrystalline samples [56]. In order
to determine the superconducting properties in the La2-x-yNdySrxCuO4 system, low field
M/H measurements at H=5K were performed as described in earlier in this review.  For
this material, magnetization data was obtained for both sintered polycrystalline pellets as
well as powders (-400 mesh).  The M/H measurements for three sample compositions (all
Nd y=0.40) are shown in Fig. 11.  We will first consider the sintered pellets (dashed
lines).  For Sr x=0.10 the Hc1j is either below H=1G or is non-existent.  For low Sr x, the
penetration depth may be large, and the sample grains appear to be decoupled at the
lowest easily attainable fields H~1G.  For Sr x=0.18 and x=0.15 the sintered pellets show
an M/H at low field representing near full volume superconductivity.  When H exceeds
Hc1j (~5G) the magnetization falls.  Above Hc1j for x=0.15 and 18, the M/H slope is
reduced. At some higher field we encounter Hc1g, which appears to depend on Sr x.  All
the powdered samples appear to have decoupled grains at low fields.  The M/H slope is
reduced somewhat, since grinding the samples unavoidably breaks up some individual
grains.  



The values of Hc1g, the intrinsic
critical fields, also shows dependence on
x, with Hc1g tending to increase from
H~1G at x=0.10 to near H=100 G at
x=0.18.  In this work we make a rough
approximation to Hc1g for purposes of a
consistent comparison.  For powder
samples we define Hc1g as being the
applied field for which the value of M
has deviated 10% from the value
predicted by a low field fit of M/H.  The
combination of a relatively low Hc1g

combined with a noticeable paramagnetic
signal from Nd results, at x=0.10, results
in a positive M for applied fields above
H~100G (Fig. 11).  In such a situation, a
superconductivity measurement would
still yield a superconducting transition,
but superimposed on a paramagnetic
magnetization.

 Measurements of  samples for a
fixed value Sr x=0.12 as a function of y
are shown in Fig. 12.)  These results are
ZFC magnetometer measurements at low
field on powdered samples.  Tc drops
quickly for 0.1≤y≤0.2 but super-
conductivity is observed for all
compositions Sr x≤0.3.  The Tcs shown
in the figure correspond well to results
published by Crawford et al. [15].  The
approximate Hc1g falls swiftly with initial Nd substitution, but plateaus in the range
H=20 to 30 G for x<0.3. The estimated superconducting volume fraction remains similar
to that observed for the Nd y=0 sample up to Nd y=0.3.  Only for samples for y>0.3 at
Sr x=0.12 does superconductivity essentially disappear.  These measurements suggest
that samples remain superconducting at Sr x=0.12 out to a strontium composition Nd
y=0.3.  (Buchner et al. [64] suggest a superconducting/nonsuperconducting boundary near
Nd y=0.18 at Sr x=0.12
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field to either T=2 K (Sr x=0.10,0.15) or
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M for sintered polycrystalline pellets while
solid line traces M for powdered samples.



A close examination of
superconductivity in the crystals used
in the stripe phase studies [1,2,83]
revealed these samples to be
superconducting [3,84].  Crystals of
composition Nd y=0.4, Sr x=0.12, 0.15,
and 0.20 all exhibit charge stripe order
as well as superconducting transitions
with Tcs =3.5, 11, and 15 K
respectively.  The interpretation of
superconductivity measurements of
single crystals can be misleading.  ZFC
estimates of superconductivity can
overestimate superconducting volume
because of demagnetization effects.  In
addition a superconducting shell can
shield a nonsuperconducting or partly
nonsuperconducting interior, also
leading to an overestimate of supercon-
ducting volume.  These ZFC
measurements suggest a full volume
superconductor (calculations for all
three compositions lead to >100%
superconducting volume fraction for all
three compositions).  However the
relative volume for the x=0.12 sample is
reduced relative to the x=0.15 and
x=0.20 crystals.

Ostenson et al. [84] studied one
of these crystals, Nd y=0.4 and Sr
x=0.15, using high field techniques to
probe the volume of the sample in the
reversible regime.  They chose the Sr
x=0.15 sample since its higher Tc

permits more convenient continuous
operation above T=4.5 K with the
sample in the superconducting state.
After making careful correction for the

magnetic contribution of Nd, those authors determined that the sample is a good bulk
superconductor.  In our view the neutron scattering measurements [1-3], considered with
superconductivity measurements, provide strong evidence for the coexistence of static
charge stripes and superconductivity in the La2-x-yNdySrxCuO4 system. [69]

5

10

15

20

25

30

(a)

Neodymium Content y

rvndsr12

La
1.88-yNd

y
Sr

0.12CuO
4

Tc (
K

)

0.05
0.10
0.15
0.20
0.25
0.30
0.35

(b)A
pp

ar
en

t V
ol

um
e 

F
ra

ct
io

n 
   

   
   

0.0 0.1 0.2 0.3 0.4
0

20

40

60

80

100

120

140

(c)

"H c1
g

" 
(G

)

Figure 12.  Superconducting properties for a
series of samples La1.88-yNdySr0.12CuO4.
Top panel shows Tc as a function of Nd
content x.  Center panel shows apparent
volume fraction of superconductor as
determined for powdered samples from
slope M/H at low field H.  Bottom panel
indicates approximate Hc1g determined as
described in the text.



Nachumi et al. [85] performed muon spin relaxation on crystals with Nd y=0.4, Sr
x=0.15 and x=0.20.  They demonstrated, by pulverizing a portion of the x=0.15 crystal,
that the entire sample supports magnetic order.  The observation supports the conclusion
that superconductivity coexists with stripe order.

 
6.  DISCUSSION

The Ba-214, Sr-214, and (Nd,Sr)-214 systems have many similarities.  The
availability of single crystals in the (Nd,Sr)- system allows charge stripes to be studied in
detail in this model system.  It is believed that static charge stripes also exist in the Ba-
214 system, but the lack of single crystals inhibits the investigation.  In the Sr-214
system, phenomena believed to be related to charge stripe order have also been observed.
[55,86-89]

The overall picture of superconductivity in these systems is, in our opinion, one
of gradual variation across phase boundaries.  Often local probes suggest that these
systems have similar local structure, in spite of the differences in average structures
determined by x-ray and neutron diffraction.  The model of a superconducting/-
nonsuperconducting boundary put forward by Buchner et al. [64] seems, at least for
typical samples, to be inappropriate.  The FC magnetic measurements underlying those
conclusions are insufficiently described to compare those results directly with other data.
Most investigators, even those following similar sample preparation techniques [69],
obtain higher superconducting transition temperatures similar to those reported by other
investigators.  The discrepancies are probably too great to attribute fully to differences in
measurement methods or interpretation; there are very likely differences in sample
properties.

In the measurement of superconducting transitions, it might be expected to
observe two distinct transitions in two-phase samples, and an apparent two-phase
behavior is often observed in polycrystalline samples.  However, the apparent two phase
behavior is often due to the effects of two critical fields, Hc1j for grain boundaries, and
Hc1g for grains [45].  Measurements of Tc performed at a low applied field H near Hc1j

will result in an apparent double transition in good single phase material (See Fig. 8).  
There is no solid evidence for true two phase behavior in superconducting proper-

ties, either superconducting/non-superconducting SN or superconducting/superconducting
SS).  SN might be expected in phases with pinned charge stripes.  There is some
suggestion of a reduced superconducting volume in some experiments [46,48], but no clear
evidence for the behavior.

SS behavior might be expected in the LTO1/LTT phase mixtures observed at low
temperatures.  There is no clear evidence for this behavior, either.  Commonly, for M=Sr
at low temperatures, the LTO1 phase predominates with ~50 nm LTT inclusions or
precipitates for Sr 0.03≤.x≤0.12.  The apparent superconducting volume seems to be
reduced only near Sr x=0.12.  The LTT phase predominates at low temperatures, in the
M=Ba system for Ba x>0.09.  However, there are low temperature microstructures and,
perhaps, slight local orthorhombicity [28].  Samples appear superconducting at all



compositions, with apparent volume fraction reduced near Ba x=0.12 [36].  There may be
some indication of an SS phase mixture for Ba x=0.125, with the gradual superconducting
onset near T=30 K and the bulk Tc<5K.

It appears that charge stripes are more readily pinned in the LTT structure. The
charge stripes may be pinned due to a local structural feature.  However, when a mixture
of LTT and LTO1 phases exists, the electrical and magnetic properties of the entire
system, both LTT and LTO1 phases, seem to be affected equally.  There is little or no
good evidence for a true two phase behavior in observed superconducting properties.  
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