
PHYSICAL REVIEW B VOLUME 49, NUMBER 9

Miscibility gay in electrochemically oxygenated La&Cu04+b
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The miscibility gap of La&Cu04+q was investigated by studying three electrochemically oxygenated
samples with different oxygen contents, using variable-temperature neutron powder diffraction. The
low-temperature lattice parameters of the two coexisting orthorhombic phases {antiferromagnetic, Bmab
and superconducting, Fmmm) were found to be in good agreement with those determined for high-

pressure annealed samples, indicating that the two techniques yield essentially identical samples, at least
in this concentration range. A sample with 5=0.032 remained phase separated up to 415 K and, above
this temperature, was found to be single-phase tetragonal (F4/mmm). The phase separation tempera-
ture and the orthorhombic-to-tetragonal phase transition temperature were obtained for all samples, al-

lowing the shape of the miscibility gap to be determined.

I. INTRODUC. IiON

Despite its relatively low superconducting critical tem-
perature ( ~45 K), LazCu04+s is one of the most exten-
sively studied cuprate superconductors. What makes this
system so interesting is the fact that the dopant species
(in this case, interstitial oxygen atoms) is mobile at tem-
peratures as low as 200 K.' Therefore the behavior of
LazCu04+s seems to be the ideal test for theories that, in
certain doping regimes, predict a phase separation of the
charge carriers into domains with different carrier con-
centrations. In this case, the mobility of the dopant
species would allow the domains to develop into two dis-
tinct crystallographic phases with different oxygen com-
positions. Phase separation between an antiferromagnet-
ic and a superconducting phase is indeed observed in

LazCu04+s. However, the phase diagram of the 1so-
structural compound La2Ni04+& also contains oxygen
miscibility gaps, although no superconductivity is ob-
served in this system.

Until very recently, annealing samples at high temper-
ature ( -500'C) in a high oxygen partial pressure was the
only known method to intercalate oxygen in La2Cu04+&
samples. Because of the miscibility gap in the phase dia-
gram, pressures around 25 kbar are required to obtain
single-phase superconducting samples. ' Jorgensen et al.
studied several powder samples of La2Cu04+&, prepared
at intermediate pressures and temperatures (PO2 ~ 3
kbar, T-500'C), by neutron powder diffraction, and
concluded that the superconducting compound resulted
from phase separation near room temperature into two
phases, both having the well-known K2NiF4 or "2:1:4"
structure. The oxygen content of the superconducting

phase was estimated at 5=0.08, based on the "lever rule"
and on the assumption that the antiferromagnetic insulat-
ing phase had 5=0.' Both phases were found to have
orthorhombic symmetry, but based on the analysis of sys-
tematic absences, the structure of the oxygen-rich phase
was concluded to have a higher symmetry (Frnmm) than
the stoichiometric compound (Btrtab) It was .speculated
that the higher symmetry resulted from frustration of the
Bmab tilt pattern, due to the presence of interstitial oxy-
gen atoms. Samples annealed at higher pressures (-25
kbar) contained only one 2:1:4phase, s but their relative-
ly poor quality (broad diffraction peaks, presence of non-
isostructural impurity phases) made them unsuitable for
definitive crystallographic studies. In addition, high-
pressure synthesis techniques capable of reaching 25 kbar
do not easily allow fine-tuning of the oxygen partial pres-
sure. " For these reasons, a complete characterization of
the miscibility gap in LazCu04+& was never attempted.

The development of room-temperature chemical' '
and electrochemical' ' techniques suitable for inserting
oxygen into the 2:1:4oxides has allowed the synthesis of
La2Cu04+& La2 „Sr„Cu04+5, and La2Ni04+& with very
high values of 5. We have recently studied the structure
of electrochemically oxygenated La2Cu04+& on two
powder samples (5=0.08, T, =32 K and 5=0. 12,
T, =44 K and on a single crystal (5=0.1, T, =40 K) by
neutron diffraction. ' A11 samples were found to be single
phase down to 10—16 K, as evidenced by the sharp Bragg
peaks, indicating that these samples had compositions
beyond the phase-separated region of the phase diagram.
The basic crystallographic structure of all samples had
Fmmm symmetry, with the excess oxygen located be-
tween adjacent LaO layers. However, the presence of sa-
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tellite rejections in both powder and single-crystal data
evidenced the existence of a large superstructure.

The electrochemical oxidation technique allows 6ne-
tuning of the oxygen content of 2:1:4oxides. This can be
readily accomplished by varying the total amount of
anodic current passed through the samples. Therefore,
by using this technique, the entire structural phase dia-
gram of La2Cu04+& can be mapped by studying a series
of samples with variable composition. A critical point to
be addressed is the comparison between La2Cu04+& sam-
ples with the same value of 5 but prepared with difFerent
methods (high-pressure annealing vs electrochemical oxi-
dation). Since electrochemical intercalation of oxygen
takes place at room temperature, the configuration of in-
terstitial oxygen atoms and the structural relaxation
around them could result in a metastable state, and there-
fore, electrochemically oxygenated samples could be con-
siderably difi'erent from oxygen-annealed samples, where
the structure is presumably closer to equilibrium.

In this paper we present structural refinements of
neutron-diffraction data at variable temperature on three
electrochemically oxygenated powder samples of
La2CuO~+s (5=0.018, 0.032, and 0.044), with composi-
tions within the miscibility gap. The low-temperature
compositions of the antiferromagnetic and superconduct-
ing phases, estimated using the "lever rule, " are 0.012
and 0.055, respectively. The lattice constants of the two
phases at low temperature are very close to those of
phase-separated samples prepared by high-pressure oxy-
gen annealing, indicating that, at least for this range of
oxygen concentrations, the two techniques yield essential-
ly identical samples. The 5=0.032 sample remained
phase separated up to 415 K. At higher temperatures,
this sample was found to be single-phase tetragonal
(F4/mmm). From the present data, the miscibility gap
of La2Cu04+& was determined to have a pronounced
"cusp, " possibly related to an additional ordering transi-
tion in the Emmm phase.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

Three samples of LaiCu04+s with variable oxygen
contents were prepared using the electrochemical oxida-
tion technique. The details of the sample preparation are
described elsewhere. ' *' The oxygen contents of the
three samples were measured using thermogravirnetric
analysis (TGA.). About 20 mg of powder was heated un-
der 1 atom He gas, and the value of 5 was determined
from the weight loss between —180 and -380 C. ' '
The oxygen contents of the three samples were found to
be 5=0.018, 0.032, and 0.044. The uncertainty of the
TGA measurement, which includes both systematic and
random errors, was estimated to be +0.010.

Field-cooled (FC) and zero-field-cooled (ZFC) dc mag-
netization measurements in low field (50 Oe) were per-
formed on all samples, using a superconducting quantum
interference device (SQUID) magnetometer. As already
reported, ' ' the value of the onset critical tempera-
ture T, depends on the cooling rate, being 4—5 K higher
for slow-cooled samples. As an example, dc susceptibihty

I t I I i I I j I
J

I I I I ( I ~ ~ ~
1

~ I ~ I

La CuO
0 2 4044

go 4

-8
FC

-10—
ZFC

-12
0

quenched
0

0
OOO~~OO 0 ~0

~0 lH~~+ g ~
OO

~$
s I & i i s I i & s s I s

10 20 30
Temperature (K)

slowly cooled

H = 500e

40 50

FIG. 1. Field-cooled (FC) and zero-field cooled (ZFC) mag-
netic susceptibilities y vs temperature for a La2Cu04 ~ powder
sample, in a 50-Oe applied magnetic field. No demagnetization
corrections were applied. All the data were taken upon warm-
ing after the sample was quenched (circles) or slowly cooled
(squares) from room temperature to 6 K. The cooling rate for
quenching was —100 K/min. The slow-cooling process was
done in steps of 5 K, with an average cooling rate of -0.4
K/min.

III. NEUTRON DIl'1 RACTION

Neutron-powder-diffraction data were collected on all
powder samples at variable temperature, using the special
environment powder diffractometer (SEPD) at Argonne's
Intense Pulsed Neutron Source (IPNS). The instrument
was equipped with a closed-cycle helium refrigerator
(Displex), the head of which was modified to allow heat-
ing above room temperature. Typical cooling and heat-
ing rates were 2—3 K/min. The instrument temperature
calibration was confirmed in a separate experiment using
the thermal expansion of NaC}.~ The maximum attain-
able temperature in this system is limited by the melting
point of cadmium (321'C), which was used for neutron
shielding. For La2Cu04+&, TGA experiments have indi-
cated' that loss of oxygen starts occurring around
180 C. Therefore this temperature was never exceeded in
our experiments for oxygenated samples. The samples
were contained in vanadium tubes sealed under a helium
atmosphere, using a lead gasket. For comparison, a sam-
ple of stoichiornetric La2Cu04+& was run under identical
conditions.

The powder-diffraction data were analyzed with the
Rietveld technique, using the Ipws code. * Only data
from the high-resolution backscattering detector banks
(20= 148 ) were used in the refinements.

FC and ZFC curves for the 5=0.044 sample are shown
in Fig. 1 both for fast cooling ( —100 K/min) and for
slow cooling ( -0.4 K/min). The onset T, 's for fast/slow
cooling were found to be 32/36, 30/34, and 29/34 K for
the 5=0.018, 0.032, and 0.044 samples, respectively.

For comparison, a stoichiometric La2Cu04+& sample
was also prepared by annealing in pure N2 gas at 700'C,
followed by rapid quenching to room temperature. Pre-
vious studies have shown that this method produces
samples with 5=0.00, within the experimental errors.
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Three phases were observed in the phase diagram: the
so-called high-temperature tetragonal (HTT) phase and
the two low-temperature orthorhombic phases: Bmab
and Fmmm (No. 69). In order to obtain a consistent set
of lattice parameters for the three phases, we used the
nonstandard space group Bmab instead of the standard
Cmca (No. 64). Likewise, the nonstandard F4/rnmm
was used for the HTT phase instead of the standard
I4/rrtmrn (No 139).

Figure 2 shows portions of the raw data and Rietveld
refinement profiles for the 5=0.018, 0.032, and 0.044
samples at 200 K. It is clear from inspection of the raw
data that all three samples are phase separated into two
orthorhombic phases and that the relative amount of the
two phases varies with composition. Refinements of the
low-temperature data, based on a two-phase model
(Bmab+Frrtmm; see below}, yield a ratio between the
amounts of the two phases of 85(2):15(2)%,55(1):45(1)%,
and 25(1):75(1)%for the 5=0.018, 0.032, and 0.044 sam-
ples, respectively. These ratios are essentially tempera-
ture independent below 200 K. Using the "lever rule, "we
can estimate the oxygen content of the two phases 5B,b
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FIG. 2. Sections of the two-phase Rietveld refinement
pro61es for the 5=0.018 (top), 5=0.032 (middle), and 5=0.044
(bottom) samples at 200 K. The plus (+) signs are the raw
time-of-flight neutron-powder-diffraction data. The solid line is
the calculated profile. Tick marks below the diffraction profile
mark the position of allowed Bragg reflection for the Bmab (top)
and Fmmm (bottom) phases. A difference curve (observe minus
calculated) is also plotted. The arrows indicate the positions of
the [0,0,6] Bragg refiections for the two phases.

and 5F from the formula

5tot 5Bmab + (5Fmmm 5Bmab }fFmmm

where 5, , is the total oxygen content of each sample and

fF is the fraction of Fmmm phase in that sample.
Using a linear regression of the values for the three sam-
ples, we determined the oxygen contents of the two
phases to be 5Bmab=0. 012 and 5Fmmm 0 055 at low
temperature. The standard deviation on these values es-
timated from the linear fit alone (+0.001) is approxi-
mately 10 times smaller than the estimated error bars on
the measured values of 5, indicating that systematic er-
rors are probably the dominant contribution to the uncer-
tainty in the oxygen contents. For this reason, we chose
to report oxygen contents to the third decimal place, and
we have omitted the estimated error bars (-0.012) based
on the propagation of the errors in the TGA measure-
ments.

The temperature dependence of the internal parame-
ters is not the subject of this work. However, due to the
high degree of correlation, especially near the phase-
separation temperature, it is important to use accurate
atomic positions in the refinements, even though only lat-
tice parameters and phase fractions are sought. In order
to determine atomic positions for samples with two coex-
isting phases, the following strategy was adopted. A first
set of Rietveld refinements was carried out for the
5=0.018 and 0.044 samples. For the 50-K data, the
starting values of the structural parameters were obtained
from previous experiments on single-phase samples. 's

Lattice constants and phase fractions were refined for
both phases, while the atomic positions were refined only
for the majority phase. Once these refinements con-
verged, new refinements were carried out using, for the
minority phase, the structural parameters previously
refined for the other sample. The whole process was re-
peated, until no change in the structural parameters oc-
curred, within the error bars. For the 5=0.032 sample,
only lattice parameters and phase fractions were refined
for both phases, while the atomic positions were fixed at
the values obtained for the other two samples. A peak
width parameter o,P which was constrained to be iden-
tical for both phases, was also refined for all samples.
Once satisfactory structural parameters for a given tem-
perature were obtained, they were used as starting values
for the next temperature.

Near the phase-separation temperature, a consistent
criterion must be adopted in order to determine whether
one or two phases are present. Since the number of pa-
rameters is greatly different between single-phase and
two-phase models, a comparison of the R values has little
meaning, unless a significance test is performed. As an
alternative, we preferred to adopt a criterion based on the
peak widths. When two-phase samples are analyzed as
single phase, the peak width parameter o.

&
converges to a

high value to account for the additional broadening.
Therefore, for each sample, the intrinsic value of the peak
broadening parameter cr&, was first determined from a
low-temperature two-phase refinement. At each given
temperature, we choose to define a sample as single phase
when cr&, as determined from a single-phase refinement,
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was not greater than o, .
The lattice parameters as a function of temperature,

both in the two-phase and single-phase regions, are plot-
ted in Figs. 3, 4, 5, and 6 for the 5=0.0, 0.018, 0.032, and
0.044 samples, respectively. For the 5=0.0, 0.018 com-
positions, the samples remained orthorhombic
throughout all our temperature range, and the position of
the orthorhombic-to-tetragonal (OT) phase transitions
were estimated by a linear extrapolation. For the 5=0.0
sample, the extrapolated value of the OT temperature
(TOT ) is -530 K, which is in good agreement with previ-
ous reports. '

ToT decreases with increasing 5, and
tetragonal symmetry was attained in our experiment for
the 5=0.032 and 0.044 samples. For these phase-
separated samples, the values of the low-temperature lat-
tice constants are very similar to those previously report-
ed for phase-separated samples obtained by high-pressure
annealing. This confirms that electrochemically oxy-
genated samples are not qualitatively di8'erent from sam-
ples obtained by more conventional techniques, at least in
this concentration range.

Both the 5=0.018 and 0.044 samples phase separate
around room temperature into two orthorhombic phases
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for the 5=0.018 sample and Fmmm for the 5=0.044
sample). In contrast, the 5=0.032 sample remains two
phase up to -415 K. The a and b lattice parameters of
the Emmm phase refined to identical values within the er-
ror bars above -380 K, suggesting a transition to a
tetragonal phase. An individual peak deconvolution
analysis also indicated that an orthorhombic (Bmab) and
a tetragonal phase coexist in the temperature range
380~ T ~415 K. Above 415 K the 5=0.032 sample was
found to be single-phase tetragonal.

The refined values of the Bmab and Fmmm phase frac-
tions as a function of temperature for the 5=0.032 and
0.044 samples are shown in Figs. 7 and 8, respectively.
For the 5=0.032 sample, the fractions of the two phases
remain nearly constant around the low-temperature
values up to the phase-separation temperature. It is
difficult to judge whether the small fluctuations above 250
K reflect a real change in phase fractions or are due to
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FIG. 3. Lattice parameters a (circles), b (squares), and c (tri-
angles) as a function of temperature for a stoichiometric
La&Cu04 sample, as determined from Rietveld refinements of
neutron-powder-diffraction data. Statistical error bars are
smaller than the symbols. The vertical dashed line indicates the
extrapolated value of the orthorhombic-to-tetragonal (OT)
phase transition temperature. Lines between the points are
guides to the eye.

FIG. 4. Lattice parameters as a function of temperture for a
La2CuO& 0&8 sample, as determined from Rietveld refinements of
neutron-powder-di6raction data. The symbols indicate a
(Bmab) (open circles), b (Bmab) (open squares), c (Bmab) (open
triangles), a (Fmmm) (solid circles), b (Fmmm) (solid squares),
and c (Fmmm) (solid triangles). Statistical error bars are small-
er than the symbols. The vertical dot-dashed line indicates the
estimated phase-separation temperature, above which the sam-

ple is single-phase Bmab. The vertical dashed line indicates the
extrapolated value of the orthorhombic-to-tetragonal (OT)
phase transition temperture. Lines between the points are
guides to the eye.
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FIG. 5. Lattice parameters as a function of temperature for a
La2Cu04 032 sample, as determined from Rietveld refinements of
nuetron-powder-diffraction data. The symbols are the same as
in Fig. 4. The vertical dot-dashed line indicates the estimated
phase-separation temperature, above which the sample is
single-phase tetragonal (F4/mmm). The vertical dashed line
indicates the value of the orthorhombic-to-tetragonal (OT)
phase transition temperature for the Fmmm phase. Lines be-
tween the points are guides to the eye.

FIG. 6. Lattice parameters as a function of temperature for a
La2Cu04 044 sample, as determined from Rietveld refinements of
nuetron-powder-diffraction data. The symbols are the same as
in Figs. 4 and 5. The vertical dot-dashed line indicates the es-
timated phase-separation temperature, above which the sample
is single-phase orthorhombic (Fmmm). The vertical dashed
line indicates the value of the orthorhombic-to-tetragonal (OT)
phase transition temperature. Lines between the points are
guides to the eye.

the increased correlations between the two quasi-
isostructural phases. Since the composition of this sam-
ple is close to the middle of the phase-separation region,
the observed behavior is consistent with a nearly sym-
metric miscibility gap. For the other two compositions,
we expect the fraction of the minority phase to decrease
as a function of temperature and to go to zero at the
phase-separation temperature, while the lattice parame-
ters of the two phases remain different. The 5=0.044
sample indeed shows the expected behavior (Fig. 8). It is
interesting to note that the phase fractions do not change
below -200 K, indicating that the miscibility gap has
vertical sides at these temperatures. This effect is prob-
ably due to the loss of mobility of the interstitial oxygen
atoms.

In the attempt to address the question of the cooling-
rate dependence of T„ the 5=0.SI4 sample was also
studied at low temperature (10 K) after slow cooling (0.3
K/min) in the 270—150 K temperature range, where the
cooling rate is known to affect T, . ' However, no
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FIG. 7. Phase fraction of the Bmab (open circles) and Fmmm
(solid circles) phases as a function of temperature for the
La2Cu04 032 sample, as determined from neutron-powder-
diffraction data. The vertical dot-dashed line indicates the es-
timated phase-separation temperature. Lines between the
points are guides to the eye.
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significant differences in the structural parameters, as
well as in the fractions of the two phases, were observed
in comparison to a fast-cooled sample (-3 K/min). This
observation may indicate that the reduced T, for fast-
cooling samples is not due to incomplete phase separa-
tion. Another possibility is that our "fast" cooling rate is
not fast enough to reproduce the effect of true quenching.

For the 5=0.018 sample, we were unable to detect any
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FIG. 9. Phase diagram of La2Cu04+z in the region of the
miscibility gap, as determined from the present study. Open cir-
cles and squares indicate the phase separation tempertures and
the OT phase transition temperatures, respectively, as deter-
mined from neutron-powder-diffraction data. The arrow indi-

cates the OT phase transition temperature of the Fmmm phase
for the phase-separated 5 =0.032 sample. Triangles indicate the
sides of the miscibility gap at various temperatures, as deter-
mined by applying the "lever rule" to the 5=0.018 and 0.044
samples. The solid circle and square indicate the phase separa-
tion temperature and the OT phase transition temperature, re-
spectively, for the high-pressure annealed sample studied in Ref.
4. Since the determination of the oxygen content for this sam-

ple was performed using a different method (total weight loss
after nitrogen reduction), the abscissa for this sample was estab-
lished based on the Bmab:Fmmm phase fractions from neutron
powder diffraction. Lines between the points are guides for the
eye. The dot-dashed line indicates the position of a possible ad-
ditional phase line, discussed in the text.

significant change in phase fractions at temperatures ap-
proaching phase separation. Rather, at the phase separa-
tion temperature, the refined lattice parameters of the
minority phase appear to merge with those of the majori-
ty phase. This behavior is clearly unphysical and is like-

ly due to a high degree of correlation between parame-
ters in the least-squares procedure. In fact, due to the
relative position of the Bxagg peaks of the various phases,
it is more difficult to accurately determine phase fractions
when the minority phase has a smaller orthorhombic
strain than the majority phase.

Figure 9 shows the phase diagram of LazCu04+s in the
region of miscibility gap, as determined using the present
data. All points below 250 K (triangles) were established
using "the lever rule" for the 5=0.018 and 0.044 sam-
ples. The phase-separation temperature and
orthorhombic-to-tetragonal (OT) phase transition tem-
perature for the high-pressure annealed sample of Ref. 4
were also included in the plot (solid circle and square, re-
spectively). Since the oxygen content of this sample was
not determined in a consistent manner with the other
samples, its horizontal position on the phase diagram was
defined based on the ratio between the fraction of the two
phases, as determined from neutron diffraction.

IV. DISCUSSION

The most striking feature of the phase diagram in Fig.
9 is the presence of a pronounced cusp in the miscibility
gap. This feature can be observed only by studying sam-
ples near the 50:50% composition and is inaccessible for
samples closer to the edges of the miscibility gap. There-
fore our results are not in contrast with the nuclear mag-
netic resonance (NMR) and nuclear quadrupole reso-
nance (NQR) data obtained by Hammel et al. 2 In fact,
the samples studied by Hammel et al. were phase
separated at low temperature in the ratio -75:25%, and
were single phase above -270 K. By studying such sam-
ples alone, no conclusion can be made about the shape of
the miscibility gap above their phase-separation tempera-
ture.

Miscibility gaps with cusps are common in the phase
diagrams of binary systems, both in the liquid (e.g. , In-V
and in the solid phase (e.g., Zr-Ta), and are generally as-
sociated with the presence of a monotectic point in the
phase diagram. In the In-V system, for example, the
homogeneous liquid has a miscibility gap with apex at
2560 'C. The indium-rich compositions (L t ) remain
liquid down to low temperatures, while the vanadium-
rich liquid (L 2 ) solidifies around 1900 'C. At the
monotectic temperature (1877'C), where L, , L2, and the
solid are in equilibrium, the slope of the phase lines
changes suddenly, and, on the V-rich side, a discontinuity
is present, due to the different solubility of indium in the
liquid and in the solid phases. Similar behavior is
displayed by the Zr-Ta system. However, in this case,
the homogeneous phase is a solid solution (P—Zr, Ta) in-
stead of a liquid.

The unusual shape of the miscibility gap of La2Cu04+&
as determined by the present data, suggests that a solid-
state monotectic transition may occur. It is tempting to
correlate this hypothesis with the observation of addi-
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tional ordering in the Emmm phase by electron
diffraction' ' and single-crystal neutron diffraction. ' In
fact, the monotectic transition could be due to ordering
of the interstitial oxygen atoms and/or of the associated
atomic displacement 6eld in the Fmmm phase. An addi-
tional suggestion that this behavior might occur is pro-
vided by the observation that the OT phase transition
temperature continues to decrease in the Fmmm phase
for 5~0.05. However, previous studies' ' have shown
that samples with higher oxygen contents are still ortho-
rhombic at room temperature. Furthermore, the ortho-
rhombic strain at room temperature for a 5=0.12 sample
was found to be larger than for the stoichiometric com-
pound (5=0),' suggesting that, for higher values of the
oxygen concentration, the OT phase transition tempera-
ture may increase with increasing 5. These observations
imply the presence of a minimum in the OT phase transi-
tion line. The increased stability of the orthorhombic
phase over the tetragonal phase for high values of 5
would be consistent with the presence of an ordering
transition.

Direct evidence of additional phase lines in the phase

diagram is not provided by the present data and must be
sought by studying samples past the right edge of the
miscibility gap. However, this work indicates that the
phase diagram of La2Cu04+& is more complex than pre-
viously thought and suggests that additional ordering
phenomena must be investigated as an important element
in determining the structural and superconducting prop-
erties of this compound.
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