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Electrochemistry and staging in La2CuO41d
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~Received 9 September 1997!

Measurements are reported of the time dependence of the current during electrochemical oxidation and
reduction at a fixed voltage of single crystals and ceramic samples of La2CuO41d. Staging peaks in neutron
measurements of the single crystals together with the electrochemical measurements and magnetization mea-
surements confirm that stagen56 corresponds tod50.05560.05, the high-d side of the oxygen-rich–oxygen-
poor miscibility gap. Furthermore, stagen54 occurs at a value ofd consistent withd}n21. For ceramic
samples it is shown that two different superconducting compounds are formed depending on the oxidation
voltage used.@S0163-1829~98!06421-2#
s
fo
e-

t
ru
f

h
d

ci

pl
tu

ig

tio

in
g
s

e
th

ia

-
e
er

to
er
et

tro-

pen-
ida-
s of
at
y
ious
ia-

oxi-

ses
d. In
ese

ent,
ec-

ns.

ent
u-
ans.
are

aw-
g is
mg

te
own
the
in

is

um
.
olid-

nd
I. INTRODUCTION

There has been great interest in the high-Tc supercon-
ductor La2CuO41d in part because of proposals that the pha
separation into oxygen-rich and oxygen-poor regions
0.01,d,0.055 is electronically driven. This would add cr
dence to models in which the superconductivity is related
phase separation of charge carriers, which would be f
trated in other materials.1 However, the recent discovery o
superlattice structures perpendicular to the CuO2 planes,2–4

analogous to those in graphite intercalation compounds,
raised the possibility that the phase separation is, instea
result of the staging of the intercalated oxygen; stagen cor-
responds to a period ofn times the underlyingc-axis lattice
constant. That is, if staged compounds are formed at spe
values ofd, with stage numbern(0.01)5` and a second
finite value forn(0.055), then the phase separation is sim
interpreted as a natural consequence of the first-order na
of the transition between these compounds.

In early work, samples of La2CuO41d were typically pre-
pared by annealing either ceramics or single crystals at h
temperature and high oxygen pressure.5 This is adequate to
observe the oxygen-poor and oxygen-rich phase separa
More recently, it has been shown that higher values ofd can
be achieved using electrochemical oxidation.6–8 This tech-
nique has been used to oxidize the crystals in which stag
is seen using neutron scattering.2 Whereas there is mountin
evidence from neutron scattering that only a few commen
rate superlattice periodicities or stages are stable,d has not
been measured for the staged crystals. Furthermore, ther
no direct thermodynamic measurements determining whe
there are specific stable values ofd.

Before our recent work at MIT, studies of the phase d
gram of La2CuO41d have used polycrystalline~ceramic!
samples.9 In such studiesd is determined from thermogravi
metric measurements; the sample is weighed while the
cess oxygen is driven off by heating in vacuum. Howev
the neutron measurements require large,;0.1 cm3, single
crystals that require months to oxidize. It is not practical
eliminate the oxygen from these in order to carry out th
mogravimetric measurements. For this reason we have d
570163-1829/98/57~21!/13915~7!/$15.00
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mined the oxygen content of single crystals using elec
chemical techniques.

In this paper we present measurements of the time de
dence of the current and the integrated charge during ox
tion and reduction of single crystals and ceramic sample
La2CuO41d. Using neutron scattering, we show directly th
a crystal withd50.05560.05 has a superlattice periodicit
corresponding to stage 6, as had been inferred from prev
single-crystal diffraction work together with the phase d
gram of ceramics. We also show thatd for stage 4 is larger
than that for stage 6 by an amount that is at least appr
mately consistent with the ratio of the stage numbers.

This paper is organized as follows: Section II discus
the sample preparation and measurement techniques use
Sec. III we present the results of our measurements. Th
include the time dependence of the electrochemical curr
as well as the magnetization and neutron experiments. S
tion IV contains a discussion of the results and conclusio

II. EXPERIMENTAL DETAILS

The single crystals are grown using the traveling-solv
floating-zone method.10 Because this technique uses no cr
cible, the crystals are purer than those grown by other me
The starting materials for both crystals and ceramics
99.999% pure powders of La2O3 and CuO. Typical crystals
have volumes of;0.5 cm3, as grown.

For electrochemical and other measurements small fl
less crystals are prepared as follows: Laue x-ray scatterin
used to orient a large crystal, and small pieces, 100–200
in mass, are then cut with faces parallel to thec axis, normal
to the CuO2 planes. The faces are polished to elimina
pieces that have cracks, since our previous work has sh
that cracks generally cause the crystals to crumble during
oxidation process. After polishing, the crystals are etched
a solution of 1% bromine in methanol for about 15 min; th
eliminates structural damage caused by polishing.11 For elec-
trochemical oxidation the crystals are wrapped in platin
gauze which is subsequently attached to a platinum wire

The ceramic samples are prepared using a standard s
state reaction method. The stoichiometric mixture of La2O3
and CuO powders is ground with an alumina mortar a
13 915 © 1998 The American Physical Society
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13 916 57P. BLAKESLEEet al.
pestle and then heated in an alumina or platinum crucibl
850 °C. The powder is then reground and heated at suc
sively higher temperatures, first at 950 °C and then
1050 °C. The powder is sintered and reground repeate
until x-ray powder diffraction shows that it is single-pha
La2CuO4. The powder is then sifted through a 43-mm screen
and about 100 mg is pressed into a pellet in a 0.25-in. di
1.5–2 metric tons in a Carver hydraulic press. Before pre
ing, a thin platinum wire is inserted into the powder to
used for electrical contact. Two techniques have been use
increase the grain size after this initial pressing. In one,
pellets are compressed in an isostatic oil press at 35 000
and then slowly brought back to atmospheric pressure. In
other, the samples are annealed at 900 °C in an oxygen
for 6 h. Both techniques result in pellets with density;70%
of the crystalline value.

The electrochemical measurements are performed
cell consisting of three electrodes: the sample, a platin
wire counterelectrode to provide the current, and a Fis
Scientific high-temperature Ag/AgCl reference electro
The NaOH solution is placed in a Teflon container a
stirred to maintain homogeneity of composition and tempe
ture. Although most room temperature reactions, for cera
ics, have been done with 1 molar NaOH, it has been fo
that this creates unacceptably large side reactions at 35
where the oxidation of crystals is carried out. It is not cle
whether this is the consequence of impurities in the NaOH
dissolution of the sample. Therefore, all measurements ab
room temperature are accomplished with 0.1 molar Na
using 99.996% pure NaOH and 18 MV de-ionized water. By
replacing the sample with a platinum wire, we ascertain t
this concentration is adequate to provide the ionic curr
required by the chemical reaction; that is, the resistance
the solution does not limit the reaction. A constant volta
Vref5Vsamp2VAg/AgCl is maintained between the sample a
the reference electrode while the current through the co
terelectrode is measured.Vref is kept below 0.55 V to elimi-
nate decomposition of H2O.

Ceramic samples can be oxidized in a few days, and
currents are high enough that currents resulting from s
reactions are insignificant. However, for single crystals
currents are smaller, and it is sometimes necessary to
tract a background current of;0.1mA or less, measured by
replacing the sample with a Pt electrode, before calcula
the charge.

In the next section we present magnetization results
oxidized crystals and ceramics and neutron results for
dized single crystals. A Quantum Design superconduc
quantum interference device~SQUID! magnetometer is use
for measurements of the magnetic moment. Low fields
used to examine the superconducting behavior and h
fields to measure the antiferromagnetic component.

The neutron-diffraction experiments have been perform
at beam line H9A at the High Flux Beam Reactor
Brookhaven National Laboratory on a triple-axis spectro
eter. The incident neutron energy is fixed at 5 meV an
cooled Be filter is used to suppress reflections from high
order neutrons. The samples are mounted on the spect
eter so that the (H0L) and (0KL) zones are in the scatterin
plane. Because of twinning, these zones are scanned s
taneously. The notation used here is for theBmabunit cell,
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where thec axis is perpendicular to the CuO2 planes and the
a andb axes are 45° from the tetragonal axes. Collimatio
are typically set at 608-408-158-S-58-108 for measuring the
strong fundamental peaks and at 608-408-608-S-808-808 for
measuring the weaker superlattice peaks. The first three
limators are respectively, before, in between, and after
double monochromatizing graphite crystals. A closed-cy
He refrigerator is used to cool the samples.

III. RESULTS

For Vref greater than;0.25 V, negative current flows into
the sample corresponding to oxidation by means of the re
tion

La2CuO412dOH2→La2CuO41d1dH2O12de2, ~1!

which is balanced at the counterelectrode by

2dH2O12de2→2dOH21dH2. ~2!

Thus the chargeQ passing through the cell is22de. At
equilibrium no current flows andVref is related to the free
energy of the reaction through the Nernst equation. Since
free energy is proportional to the chemical potential of ox
gen in the sample,d can in principle be determined as
function of oxygen chemical potential. However, these ar
ments only apply at equilibrium. One may approach equil
rium by allowing the current to go to zero at fixedVref or to
measure the voltage at sufficiently small currents that
process is quasistatic. We have carried out constantVref mea-
surements for both single crystals and ceramics. We mea
the current as a function of timet and integrate it to deter
mine the chargeQ(t) that has passed through the samp
Eventually, Q saturates, atQ0 . Even for these measure
ments, the equilibrium may be metastable, as appears t
the case in some of our experiments.

For the crystals we begin by removing the;1% excess
oxygen known to be incorporated during growth. When fi
placed in the NaOH solution, the open circuit voltage of t
sample is typicallyVref;0.18 V. If the voltage is reduced
below this value oxygen begins to leave the sample. Suc
reduction experiment is illustrated in Fig. 1. We plot th
relative deviation ofQ(t) from Q0 to illustrate the exponen
tial time dependence of the approach to equilibrium;Q is
measured in electrons per formula unit. The gap in the d
results from a temporary interruption in the experiment.
these reduction experiments, the current is initially a f
mA.

We have reduced five crystals in this way and typica
find that the crystals haved;0.005 as grown. The values o
Q0 for the reduction experiments,Qr , and the time constant
for the current decay,t r , are listed in Table I. One of the
samples, XE5, had been annealed in oxygen before ele
chemical reduction. For the othersQr;0.01, which is con-
sistent with previous measurements.9,12 The time constant is
remarkably reproducible from sample to sample witht r
5(1.560.6)3105 s51.760.7 days. The experiment in Fig
1 is the only one done at 313 K instead of 353 K. Surpr
ingly, the time constant appears to be independent of t
perature over this range.
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57 13 917ELECTROCHEMISTRY AND STAGING IN La2CuO41d
After the initial reduction, the crystals were oxidized
various values ofVref as indicated in Table I. A typical mea
surement of the charge in such an experiment is show
Fig. 2. For oxidation of single crystals the initial current
typically a few tenths of amA. The downturn at abou
53106 s is the result of a choice ofQ0 that is slightly too
large. As for the reduction experiment, the charge
proaches its equilibrium value exponentially. However,
time constant for oxidation,t0 , is about 10 times longer tha
that for reduction. As seen from Table I, we find time co
stants ranging from 1 to 3.53106 s or 13–40 days. All oxi-
dation measurements are made at 353 K for the single c
tals.

The currentI (t) is shown for oxidation of two ceramic
samples in Fig. 3. The current is three orders of magnit
higher than that for single crystals. In this caseI (t) is plotted
on a log-log plot, to illustrate that for both samples the dec
of the current is a power law with exponent21.5 at long
times. Note that because the decay is faster thant21, the
charge converges. However, the current for one sample
cays much faster than that for the other. The decay may
approximated by the functional form

I 5I 0~11t/t0!21.5, ~3!

which means that forQ to reach 90% ofQ0 requires
t;100t0 . For one sample in Fig. 2t0;33103 s, which
means that 90% saturation requires;3 days. For the secon

FIG. 1. Deviation of integrated charge from its asymptotic va
as a function of time on a semilogarithmic plot during reduction
a single crystal XE3. The time constant is 1.63105 s51.8 days.
The measurement of current was accidentally interrupted betw
about 1 and 23105 s. This was the only measurement on a sin
crystal carried out below 350 K.
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sample, however, saturation would take;30 days, compa-
rable to the time for the single crystals. For the many
ramic pellets studied we find no correlation betweent0 and
Vref , and so the variation int0 must be the result of sample
to-sample variation.~Some of our measurements on ceram
had been made before we were aware of these long eq
bration times and are therefore subject to some uncertaint
noted below.!

Figure 4 illustrates oxidation and reduction experime
for a ceramic pellet at 278 K. The oxidation current
smaller by two or three orders of magnitude than that
room temperature, and the time scale for oxidation is mu
longer. The time scale for reduction and the magnitude of
current is about the same as for single crystals, and the
duction is much faster than the oxidation. We have not c
ried out reduction experiments on pellets at higher tempe
tures.

Because of the very long time scale and its sample
sample variation, we have measuredQ0(V) by using one
pellet, alteringVref in very small steps and waiting until th
current is less than the noise after each step. For most s
this requires about 4 days and results in an uncertainty
about 0.002 electrons per formula unit (e/f.u.). For other
experiments, as discussed below, we have used multiple
lets and shorter electrolysis times, but these measurem
are consequently subject to greater uncertainties. Figu
shows the charge as a function of voltage during oxidat
and then reduction. The hysteresis indicates that the equ
ria are metastable. The diamonds indicate measurement
which the current does not decay even after about 4 d

f

en

FIG. 2. Semilogarithmic plot of the deviation of the integrat
charge from its asymptotic value during oxidation of a single crys
XE1. The time constant is 1.63106518 days, 10 times longer tha
the time for reduction~Fig. 1!. The downturn at long times is prob
ably the result of a small error in determiningQ0 .
TABLE I. Results of single-crystal electrochemical measurements.

Sample Vref (V) Qr (e/f.u.) Q0 (e/f.u.) t r (105 s) t0 (106 s)

XE2 0.35 0.00860.002 0.03360.002 2.1 1.1
XE5 0.40 0.03360.005 0.07560.005 0.9 3.3
XE3 0.45 0.00860.01 0.1160.01 1.6 1.7
XE4 0.45 0.01760.001 0.06360.001 0.9 3.5
XE1 0.53 0.00760.01 0.12760.01 1.6 1.6
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13 918 57P. BLAKESLEEet al.
From the reduction data in Fig. 5 is clear that there are
plateaus inQ0 as a function ofVref . The one below 0.33 V
has Q050.11560.002e/f.u. or d50.05860.001, and the
one above 0.375 V hasQ050.12760.002e/f.u. or d
50.06460.001.

Data for oxidation of five single crystals are also plott
in Fig. 5. The large variation ind for single crystals results
from incomplete oxidation, even when the current appare
goes to zero. This becomes clear from magnetization
neutron experiments, as discussed next.

The magnetization divided by the field is plotted for cry
tal XE1 in Fig. 6. In the upper panel are measurements
Oe to make the superconducting properties manifest.
shielding is large, but the Meissner fraction is very sm
The data have not been corrected for demagnetization

FIG. 3. Log-log plot of current as a function of time durin
oxidation of two ceramic pellets at room temperature. The diff
ences in the time decay are probably the result of sample-to-sa
variation rather than the difference in voltage used. Both sam
follow I;t21.5 at long times.

FIG. 4. Log-log plot of current as a function of time durin
oxidation and reduction of a ceramic pellet at 278 K. The oxidat
is slower than at room temperature, but the reduction is faster
the oxidation.
o

ly
d

5
e

.
f-

fects. It is clear from the figure that there are two superc
ducting components, whose transitions are indicated by
rows. We use the onset of diamagnetism to determine
higherTc and the change of curvature to estimate the low
Tc . Most of the crystals studied in this work and by We
et al.2,13 contain only one component withTc532 K. How-
ever, XE1 also has a component withTc;40 K.

The small Meissner fraction is the first clue that t
sample is inhomogeneous. The lower panel of Fig. 6 ma
this very clear: The magnetization measurements
53104 Oe show the increase in moment below 240 K, ch
acteristic of the Ne´el transition in lightly doped La2CuO4.
From previous measurements, one knows that this res
from a phase withd;0.005– 0.01.9 From the size of the
weak ferromagnetic moment measured at 53104 Oe, one
finds that;33% of the sample is in this antiferromagnet

-
ple
s

n
an

FIG. 5. Asymptotic values of the charge~left! andd ~right! for
single crystals and a ceramic pellet. The charge for crystals is
for oxidation, and although it increases withVref , it shows substan-
tial sample-to-sample variation. The data for the ceramic pe
were taken during stepwise oxidation and reduction. Lines
drawn to emphasize the two plateaus seen during reduction.
diamonds correspond to voltages for which the current was
large to obtain even metastable equilibrium.

FIG. 6. Upper panel: Meissner and shielding measuremen
5 Oe. Lower panel: magnetic moment at 53104 Oe.
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57 13 919ELECTROCHEMISTRY AND STAGING IN La2CuO41d
phase. In general, the antiferromagnetic fraction decre
with increasingVref , but there appear to be antiferroma
netic inclusions in some samples that are very difficult
oxidize.

Figure 7 shows neutron-scattering scans along two di
tions in reciprocal space for crystal XE3. The upper pane
scan ofq alongL, shows one~006! Bragg peak correspond
ing to a single phase. The lower panel shows the two su
lattice peaks resulting from a splitting of the~014! Bragg
peak. The latter peak results from the ordered tilting of

FIG. 8. Neutron-scattering measurements on crystal XE1. Up
panel: scan alongL reveals two~006! peaks. Lower panel: sca
alongL near~014! reveals the central peak from the antiferroma
netic phase, small stagen56 peaks and largern54 peaks.

FIG. 7. Neutron-scattering measurements on crystal XE3. Up
panel: scan alongL, revealing a single~006! peak, indicating that
this crystal is single phase. Lower panel: scan alongL near the
~014! position, revealing superlattice peaks corresponding to s
n56. The antiferromagnetic phase is absent.
es

c-
a

r-

e

CuO6 octahedra in the orthorhombic phase, and the p
splits in La2CuO41d when staging occurs.2–4 The positions of
the ~014! peaks in Fig. 7 correspond to stagen56.

In Fig. 8 are equivalent scans for crystal XE1, the one
which magnetization measurements are shown in Fig. 6.
upper panel shows twoc-axis lattice constants; the smalle
~larger q! comes from the antiferromagnetic oxygen-po
phase, and the larger~smallerq! comes from the oxygen-rich
phase. From the heights and widths of the peaks, we estim
that less than 40% of the sample is in the oxygen-poor ph
This is consistent with the magnetization measureme
which imply that;33% of the sample is in the antiferro
magnetic phase. The oxygen-rich phase contains a sta
phase as well as a stage-6 phase. The~014! Bragg peak from
the oxygen-poor phase and the superlattice peaks are se
the lower panel.

Although only Tc532 K is seen for most single crysta
studied here and by Wellset al.2,13, which are oxidized be-
low 0.55 V, higher values ofTc are found for ceramic pel-
lets. The middle panel of Fig. 9 showsTc for a set of pellets,
each oxidized for 1 day. TheTc increases at 0.35 V, and th
sample oxidized at 0.35 V shows two transitions. The hig
Tc is 45 K for ceramics oxidized at room temperature and
K for those oxidized at 353 K. These are determined in
same manner as discussed above for crystal XE1.

The lower panel compares the charge for multiple pell
with that for the one pellet measured as oxygen is remov
The sample-to-sample variation for multiple pellets results

er

-

FIG. 9. Correlation between superconducting transition te
perature and oxygen content of multiple pellets. Each pellet w
oxidized for 1 day, and the integrated charge is plotted as s
circles in ~c!. The data for the single pellet are also plotted f
comparison. As in Fig. 5, the diamonds correspond to voltages
which the current was too large to obtain equilibrium. This 1-d
oxidation is not adequate to reach equilibrium, which is proba
the reason for the sample-to-sample variation seen. The Meis
and shielding fractions measured are shown in~a!, and theTc de-
termined from the onset of diamagnetism is shown in~b!. Note that
Tc increases from 32 to 45 K at the same voltage at which the
is seen in the one-pellet data.
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13 920 57P. BLAKESLEEet al.
part from the relatively short time of oxidation. It seem
clear that the increase inTc corresponds to the increase
charge, i.e.,d, at 0.35 V. The top panel of Fig. 9 shows th
Meissner and shielding fractions.

IV. DISCUSSION AND CONCLUSIONS

It has been suggested that the oxidation of La2CuO4 is
diffusion limited. This situation would be closely analogo
to the oxidation of copper studied by Bardeen, Brattain, a
Shockley.14 In the latter case the reaction is limited by d
fusion of vacancies through the growing surface oxi
whereas in La2CuO41d it would be limited by interstitials
diffusing through the oxygen-rich surface layer. Howev
the observed time dependence and time scale for satur
of the charge are difficult to reconcile with this model. A
rouy et al.15 have found that the time dependence of the el
trochemical current during oxidation of ceramics at sh
times exhibitst21/2 behavior, as expected for a diffusion
limited process.14,16 We find a similar time dependence fo
ceramics at times less than;10– 45 min after oxidation be
gins. From the latter measurements we would estimate
fusion coefficients ofD;10210– 10211 cm2/s; those of Ar-
rouy et al. give 10213– 10214 cm2/s. However, with such
small values ofD the mm-size single-crystal samples wou
equilibrate only after 108– 1012 s, whereas we observe tim
constants of order 106 s. Furthermore, the crystals show ne
ther thet21/2 dependence nor the activated temperature
pendence characteristic of diffusion-limited surfa
oxidation.16 Nonetheless, as one approaches equilibrium,
expects the observed exponential time decay of the curr
Using the exponential time constantt r for reduction of the
crystals, one finds a very large diffusion coefficient in t
lightly doped regime;1026 cm2/s. Thus it is difficult to
reconcile the rapid oxidation and reduction with a diffusio
limited process.

One might have argued that electric fields accelerate
movement of oxygen ions in La2CuO4. However, even at
278 K the dielectric relaxation time resulting from motion
holes created by oxygen doping is very small12,17 and any
electric field would be screened. This is taken into accoun
the theory of Bardeenet al.14 Alternatively, one might have
argued that inhomogeneous strain accelerates diffus
However, we find even shorter equilibration times for t
reduction of lightly doped samples, which have almost
same lattice constant as the undoped material, than for
oxidation of samples, for which the difference in strain at t
boundary between oxygen-rich and oxygen poor region
large. We have no model to explain the rapid equilibration
the oxidation and reduction reactions.

Our combined neutron, magnetization, and electroche
cal data provide additional information about the phase d
gram of La2CuO41d. The miscibility gap between the ant
ferromagnet and the oxygen-rich phase@the
antiferromagnetic ~AF! gap# is between d50.01 and
d50.055 for ceramic samples. Wellset al. have studied a
crystal withd in the AF gap which shows phase separat
and staging with stagen56 asT is lowered. From this they
infer thatn56 at d50.055, the high-d edge of the AF gap.
They could not determine this directly becaused is not
known for their crystal. Crystal XE3 has only stage-6 sup
d
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lattice peaks, no antiferromagnetic phase~Fig. 7!, and a
charge of Q050.1160.01e/f.u., corresponding to d
50.05560.05, thus confirming that stage 6 occurs at t
value ofd.

Crystal XE1 ~Fig. 6! has a component that is antiferro
magnetic with TN5240 K, corresponding to d
50.005– 0.01. Using the size of the weak ferromagnetic m
ment to determine the antiferromagnetic fraction~Fig. 6!, we
conclude that the oxygenated portion of XE1, which conta
both stage 6 and stage 4, hasd50.160.01. Assuming that
stage 6 occurs only ford50.055 and using the intensities o
the neutron peaks~Fig. 8, lower panel!, we estimate that
stage 4 is atd50.1160.02. A proper two-dimensional inte
gration of the neutron peaks might alter this number som
what. Thus we conclude thatn56 is atd50.05560.005 and
n54 is atd50.1160.02, so that the ratio ofd ’s is 260.6.
This ratio of thed ’s is consistent with the simple ratio 3/2 o
the inverse stage numbers, assuming that the in-layer de
is independent of stage.

The simple staging model used for graphite intercalat
compounds assumes that intercalants have constant de
within each layer they occupy, since only 1/n layer is occu-
pied by intercalantsd}n21. This has also been found t
hold for staging in La2NiO4 by Tranquadaet al.18 However,
there is as yet no way to measure the in-layer density
La2CuO4 because scattering from the oxygen itself has
been unambiguously observed. Although we see plateau
the charge for ceramics, the data for the crystals are in
equate to conclude that each staged phase occurs at a s
value of the charge.

It appears that in electrochemically oxidized ceramics
La2CuO41d two superconducting compounds are formed, o
with Tc532 K for Vref,0.35 V and the other withTc
545 K for Vref.0.35 V. The step-by-step reduction expe
ment reveals two plateaus in the density of excess oxyge
a function of the voltage, and the step between the plate
coincides with the change inTc .

Unfortunately, the results on ceramics and single crys
seem contradictory. We would have expected to see plate
for the ceramics with charges corresponding to 0.11d
50.055) and 0.165e/f.u. (d50.0825), corresponding to
stage 6 and stage 4, respectively. The lower plateau in Fi
is consistent with stage 6, but the upper plateau has a so
what lower charge than that expected for a saturated stag
It may be that the charge is not fully saturated even after
long times used for oxidation. However, even if the ceram
were single-phase stage 4, we would not expect the obse
high Tc (;45 K) based on the results for crystals. We
et al.2 have reportedTc532 K for crystals whether stage 6 o
stage 4 when oxidized at voltages less than;0.5 V. A phase
with Tc above 40 K has only been previously reported
single crystals that have stage 2 and stage 3, which are
dized at voltages up to 0.6 V.2 However, the results for crys
tal XE1 reported here and more recent work by our gro
suggest that crystals with stage 4 sometimes have a com
nent withTc;40 K. More work needs to be done to identif
the structure of phases withTc greater than;30 K.

It is evident from Fig. 5 that plateaus are more eas
identified in reduction than oxidation data. This clearly su
gests that it would be valuable to oxidize ceramics and cr
tals at high voltages,;0.6 V, and then measured during
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reduction. Although this would give more information abo
the phase diagram, as for thermogravimetric analysis
would leave a reduced sample.

Doping La2CuO4 with excess oxygen has recently be
found to give the same incommensurate spin correlation
doping with Sr.13 Since the oxygen atoms are mobile
much lower temperatures than the Sr impurities, one exp
that the oxygen-doped samples are less disordered
therefore, may provide an advantage in understanding
connection between the antiferromagnetic spin fluctuati
and superconductivity. Our work shows that electrochem
C
n
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ad
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uc
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al

measurements of the oxygen content can be valuable in c
acterizing samples for such studies.
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