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Electrochemistry and staging in LaCuQ,, 5
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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,@ful, s, Staging peaks in neutron
measurements of the single crystals together with the electrochemical measurements and magnetization mea-
surements confirm that stage- 6 corresponds té=0.055* 0.05, the highé side of the oxygen-rich—oxygen-
poor miscibility gap. Furthermore, stage=4 occurs at a value of consistent withd=n~1. For ceramic
samples it is shown that two different superconducting compounds are formed depending on the oxidation
voltage used[S0163-18208)06421-2

I. INTRODUCTION mined the oxygen content of single crystals using electro-
chemical techniques.
There has been great interest in the highsupercon- In this paper we present measurements of the time depen-

ductor LaCuQ,. sin part because of proposals that the phasedence of the current and the integrated charge during oxida-
Separation into oxygen-rich and oxygen-poor regions foﬂion and reduction of Single CryStaIS and ceramic Samples of
0.01< §<0.055 is electronically driven. This would add cre- L&CUuQs, 5 Using neutron scattering, we show directly that
dence to models in which the superconductivity is related té® crystal with6=0.055+0.05 has a superlattice periodicity
phase separation of charge carriers, which would be fruscorresponding to stage 6, as had been inferred from previous
trated in other materialsHowever, the recent discovery of Single-crystal diffraction work together with the phase dia-
superlattice structures perpendicular to the Cp@nes™ gram of ceramics. We also show thafor stage 4 is larger

. L : than that for stage 6 by an amount that is at least approxi-
aqalogous to thp;g in graphite intercalation pompognds, ha%ately consisten% with %/he ratio of the stage numberspp
raised the pOSS|p|I|ty that the phase separation is, instead, This paper is organized as follows: Section Il discusses
result of the staglr_lg of the intercalated oxygen, _snagE_Jr- the sample preparation and measurement techniques used. In
responds to a period of times the underlying-axis lattice g i we present the results of our measurements. These
constant. That is, if staged compounds are formed at specififc|,de the time dependence of the electrochemical current,
values of 6, with stage numben(0.01)=<« and a second 55 \vell as the magnetization and neutron experiments. Sec-

finite value forn(0.055), then the phase separation is simplytion |V contains a discussion of the results and conclusions.
interpreted as a natural consequence of the first-order nature

of the transition between these compounds.

In early work, samples of L&uGQ,, s were typically pre-
pared by annealing either ceramics or single crystals at high The single crystals are grown using the traveling-solvent
temperature and high oxygen pressufkhis is adequate to floating-zone methodf Because this technique uses no cru-
observe the oxygen-poor and oxygen-rich phase separatioaible, the crystals are purer than those grown by other means.
More recently, it has been shown that higher values cdin  The starting materials for both crystals and ceramics are
be achieved using electrochemical oxidatioh This tech-  99.999% pure powders of L@; and CuO. Typical crystals
nique has been used to oxidize the crystals in which staginhave volumes of-0.5 cn?¥, as grown.
is seen using neutron scatteriilVhereas there is mounting For electrochemical and other measurements small flaw-
evidence from neutron scattering that only a few commensuless crystals are prepared as follows: Laue x-ray scattering is
rate superlattice periodicities or stages are stableas not used to orient a large crystal, and small pieces, 100—200 mg
been measured for the staged crystals. Furthermore, there anemass, are then cut with faces parallel to thaxis, normal
no direct thermodynamic measurements determining whetheo the CuQ planes. The faces are polished to eliminate
there are specific stable values ®f pieces that have cracks, since our previous work has shown

Before our recent work at MIT, studies of the phase dia-that cracks generally cause the crystals to crumble during the
gram of LaCuQ,, s have used polycrystallindceramig ~ oxidation process. After polishing, the crystals are etched in
samples. In such studies’ is determined from thermogravi- a solution of 1% bromine in methanol for about 15 min; this
metric measurements; the sample is weighed while the exeliminates structural damage caused by polishirfgpr elec-
cess oxygen is driven off by heating in vacuum. Howevertrochemical oxidation the crystals are wrapped in platinum
the neutron measurements require largd).1 cn?, single  gauze which is subsequently attached to a platinum wire.
crystals that require months to oxidize. It is not practical to The ceramic samples are prepared using a standard solid-
eliminate the oxygen from these in order to carry out ther-state reaction method. The stoichiometric mixture ofQsa
mogravimetric measurements. For this reason we have deteand CuO powders is ground with an alumina mortar and

II. EXPERIMENTAL DETAILS
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pestle and then heated in an alumina or platinum crucible aghere thec axis is perpendicular to the Cy@lanes and the
850 °C. The powder is then reground and heated at succeg-andb axes are 45° from the tetragonal axes. Collimations
sively higher temperatures, first at 950 °C and then afye typically set at 6640'-15-S-5’-10' for measuring the
1050 °C. The powder is sintered and reground repeatedlytrong fundamental peaks and at 600’ -60'-S-80'-80' for
until x-ray powder diffraction shows that it is single-phase measuring the weaker superlattice peaks. The first three col-
La,CuQ,. The powder is then sifted through a 483 screen  limators are respectively, before, in between, and after the
and about 100 mg is pressed into a pellet in a 0.25-in. die adouble monochromatizing graphite crystals. A closed-cycle
1.5—-2 metric tons in a Carver hydraulic press. Before pressHe refrigerator is used to cool the samples.
ing, a thin platinum wire is inserted into the powder to be
used for electrical contact. Two techniques have been used to Il RESULTS
increase the grain size after this initial pressing. In one, the '
pellets are compressed in an isostatic oil press at 35 000 psi For V¢ greater than-0.25 V, negative current flows into
and then slowly brought back to atmospheric pressure. In ththe sample corresponding to oxidation by means of the reac-
other, the samples are annealed at 900 °C in an oxygen flotion
for 6 h. Both techniques result in pellets with density 0%
of the crystalline value. La,CuQ,+280H —La,CuQy, s+ H,0+28e™, (1)
The electrochemical measurements are performed in a
cell consisting of three electrodes: the sample, a platinunwhich is balanced at the counterelectrode by
wire counterelectrode to provide the current, and a Fisher
Scientific high-temperature Ag/AgCl reference electrode. 26H,0+28e™ —250H™ + SH.. 2
The NaOH solution is placed in a Teflon container and
stirred to maintain homogeneity of composition and temperalhus the charg passing through the cell is-25e. At
ture. Although most room temperature reactions, for ceramequilibrium no current flows an¥ . is related to the free
ics, have been done with 1 molar NaOH, it has been foun@nergy of the reaction through the Nernst equation. Since the
that this creates unacceptably large side reactions at 353 #ee energy is proportional to the chemical potential of oxy-
where the oxidation of crystals is carried out. It is not cleargen in the sampleg can in principle be determined as a
whether this is the consequence of impurities in the NaOH ofunction of oxygen chemical potential. However, these argu-
dissolution of the sample. Therefore, all measurements abovaents only apply at equilibrium. One may approach equilib-
room temperature are accomplished with 0.1 molar NaOHium by allowing the current to go to zero at fix&k or to
using 99.996% pure NaOH and 18Mde-ionized water. By measure the voltage at sufficiently small currents that the
replacing the sample with a platinum wire, we ascertain thaprocess is quasistatic. We have carried out consfantmea-
this concentration is adequate to provide the ionic currensurements for both single crystals and ceramics. We measure
required by the chemical reaction; that is, the resistance dhe current as a function of timeand integrate it to deter-
the solution does not limit the reaction. A constant voltagemine the charge(t) that has passed through the sample.
Vier=Vsamp~ Vagiagel IS Maintained between the sample and Eventually, Q saturates, af),. Even for these measure-
the reference electrode while the current through the courments, the equilibrium may be metastable, as appears to be
terelectrode is measured,; is kept below 0.55 V to elimi- the case in some of our experiments.
nate decomposition of . For the crystals we begin by removing thel% excess
Ceramic samples can be oxidized in a few days, and thexygen known to be incorporated during growth. When first
currents are high enough that currents resulting from sid@laced in the NaOH solution, the open circuit voltage of the
reactions are insignificant. However, for single crystals thesample is typicallyV ~0.18 V. If the voltage is reduced
currents are smaller, and it is sometimes necessary to subelow this value oxygen begins to leave the sample. Such a
tract a background current ef0.1 uA or less, measured by reduction experiment is illustrated in Fig. 1. We plot the
replacing the sample with a Pt electrode, before calculatingelative deviation ofQ(t) from Q to illustrate the exponen-
the charge. tial time dependence of the approach to equilibriugnjs
In the next section we present magnetization results fomeasured in electrons per formula unit. The gap in the data
oxidized crystals and ceramics and neutron results for oxiresults from a temporary interruption in the experiment. In
dized single crystals. A Quantum Design superconductinghese reduction experiments, the current is initially a few
guantum interference devi¢€QUID) magnetometer is used uA.
for measurements of the magnetic moment. Low fields are We have reduced five crystals in this way and typically
used to examine the superconducting behavior and higfind that the crystals havé~0.005 as grown. The values of
fields to measure the antiferromagnetic component. Q, for the reduction experiment®, , and the time constants
The neutron-diffraction experiments have been performedor the current decayr,, are listed in Table I. One of the
at beam line H9A at the High Flux Beam Reactor atsamples, XE5, had been annealed in oxygen before electro-
Brookhaven National Laboratory on a triple-axis spectrom-chemical reduction. For the othe@;~0.01, which is con-
eter. The incident neutron energy is fixed at 5 meV and aistent with previous measuremeftg.The time constant is
cooled Be filter is used to suppress reflections from higherremarkably reproducible from sample to sample with
order neutrons. The samples are mounted on the spectrom=(1.5+0.6)x 10° s=1.7+0.7 days. The experiment in Fig.
eter so that theHOL) and ((KL) zones are in the scattering 1 is the only one done at 313 K instead of 353 K. Surpris-
plane. Because of twinning, these zones are scanned simuihgly, the time constant appears to be independent of tem-
taneously. The notation used here is for Bmabunit cell,  perature over this range.
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FIG. 1. Deviation of integrated charge from its asymptotic value  FIG. 2. Semilogarithmic plot of the deviation of the integrated
as a function of time on a semilogarithmic plot during reduction of charge from its asymptotic value during oxidation of a single crystal
a single crystal XE3. The time constant is ¥.80° s=1.8days. XE1. The time constant is 1:610°=18 days, 10 times longer than
The measurement of current was accidentally interrupted betweethe time for reductiori{Fig. 1). The downturn at long times is prob-
about 1 and X 10° s. This was the only measurement on a singleably the result of a small error in determiniqy,.

crystal carried out below 350 K. .
sample, however, saturation would take830 days, compa-

rable to the time for the single crystals. For the many ce-
ramic pellets studied we find no correlation betwegmand
%(,ef, and so the variation ity must be the result of sample-
o-sample variation(Some of our measurements on ceramics

After the initial reduction, the crystals were oxidized at
various values o¥, as indicated in Table I. A typical mea-
surement of the charge in such an experiment is shown i

{:'g: Zil For ?X\I[\(ljattl?ll’:hOf sflngIeAcr}I/_sﬁals dtf\\/\(/eninlrt:]al (;urrl;a nt t's had_bee_n made before we were aware of these long _equili-
ypicaly a Tew tenins of guA. The downturn at about a5, times and are therefore subject to some uncertainty as
5x10° s is the result of a choice d@, that is slightly too noted below.
large. As for the reduction experiment, the charge ap- rigyre 4 illustrates oxidation and reduction experiments
proaches its equilibrium value exponentially. However, thego, 5 ceramic pellet at 278 K. The oxidation current is
time constant for oxidatiorg, is about 10 times longer than gmaller by two or three orders of magnitude than that at
that for reduction. As seen from Table I, we find time con-room temperature, and the time scale for oxidation is much
stants ranging from 1 to 3:610° s or 13-40 days. All oxi- |onger. The time scale for reduction and the magnitude of the
dation measurements are made at 353 K for the single crygurrent is about the same as for single crystals, and the re-
tals. duction is much faster than the oxidation. We have not car-
The currentl (t) is shown for oxidation of two ceramic ried out reduction experiments on pellets at higher tempera-
samples in Fig. 3. The current is three orders of magnitudéures.
higher than that for single crystals. In this c&é8 is plotted Because of the very long time scale and its sample-to-
on a log-log plot, to illustrate that for both samples the decayample variation, we have measur@gd(V) by using one
of the current is a power law with exponentl.5 at long Pellet, alteringV ¢ in very small steps and waiting until the
times. Note that because the decay is faster thdp the current is less than the noise after each_step. For most steps
charge converges. However, the current for one sample gdhis requires about 4 days and results in an uncertainty of

cays much faster than that for the other. The decay may b@Pout 0.002 electrons per formula uni/{.u.). For other
approximated by the functional form experiments, as discussed below, we have used multiple pel-

lets and shorter electrolysis times, but these measurements
I=1o(1+1t/ty) 25 (3y  are consequently subject to greater uncertainties. Figure 5

shows the charge as a function of voltage during oxidation

which means that forQ to reach 90% ofQ, requires and then reduction. The hysteresis indicates that the equilib-
t~100t,. For one sample in Fig. 2,~3%x10°® s, which  ria are metastable. The diamonds indicate measurements for
means that 90% saturation require8 days. For the second which the current does not decay even after about 4 days.

TABLE I. Results of single-crystal electrochemical measurements.

Sample Viet (V) Q, (e/f.u.) Qo (e/f.u.) 7, (10° s) 0 (10° s)
XE2 0.35 0.00&0.002 0.0330.002 2.1 1.1
XE5 0.40 0.03%0.005 0.075:0.005 0.9 3.3
XE3 0.45 0.00&0.01 0.11+0.01 1.6 1.7
XE4 0.45 0.0170.001 0.0630.001 0.9 35

XE1 0.53 0.00%0.01 0.1270.01 1.6 1.6
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FIG. 5. Asymptotic values of the chargleft) and & (right) for
single crystals and a ceramic pellet. The charge for crystals is that
i for oxidation, and although it increases wiify, it shows substan-
1076 il NP RN tial sample-to-sample variation. The data for the ceramic pellet
102 10% 10t 10° were taken during stepwise oxidation and reduction. Lines are

t (s) drawn to emphasize the two plateaus seen during reduction. The
diamonds correspond to voltages for which the current was too
FIG. 3. Log-log plot of current as a function of time during large to obtain even metastable equilibrium.
oxidation of two ceramic pellets at room temperature. The differ-

ences in the time decay are probably the result of sample-to-samplg (5 |t is clear from the figure that there are two supercon-
variation raﬁtPgr than the difference in voltage used. Both Sampleaucting components, whose transitions are indicated by ar-
follow 1 ~t"">at long times. rows. We use the onset of diamagnetism to determine the
higherT, and the change of curvature to estimate the lower
GI'C. Most of the crystals studied in this work and by Wells
et al?*3 contain only one component wiffi,=32 K. How-
ever, XE1 also has a component with~40 K.

plateaus inQq as a function oV,. The one below 0.33 V
has Qy=0.115+0.002e/f.u. or §=0.0580.001, and the

one above 0.375 V haf),=0.127£0.002e/f.u. or & The small Meissner fraction is the first clue that the

=0.064+ 0'001,' i i i sample is inhomogeneous. The lower panel of Fig. 6 makes
Data for oxidation of five single crystals are also plotted,iq very clear: The magnetization measurements at

in Fig. 5. The Iarge_ va_riation itd for single crystals results £ 1% e show the increase in moment below 240 K. char-
from incomplete O.XIdatIOI’], even when the current _app.arem'écteristic of the Kel transition in lightly doped L&CuO;.
goets to zero..Th|st becog}es cle%r frorp magnetization ang,, nrevious measurements, one knows that this results
neutron experiments, as discussed next.. from a phase with5~0.005—0.0F. From the size of the
The magnetization divided by the field is plotted for crys- eak ferromagnetic moment measured at B* Oe, one

tal XE1 in Fig. 6. In the upper p_anel are m_easurem_ents at nds that~33% of the sample is in this antiferromagnetic
Oe to make the superconducting properties manifest. The

shielding is large, but the Meissner fraction is very small.

The data have not been corrected for demagnetization ef- XET
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oxidation and reduction of a ceramic pellet at 278 K. The oxidation
is slower than at room temperature, but the reduction is faster than FIG. 6. Upper panel: Meissner and shielding measurements at
the oxidation. 5 Oe. Lower panel: magnetic moment ax 50* Oe.
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FIG. 9. Correlation between superconducting transition tem-
perature and oxygen content of multiple pellets. Each pellet was
oxidized for 1 day, and the integrated charge is plotted as solid

(014 position, revealing superlatiice peaks corresponding to Staggircles in (c). The data for the single pellet are also plotted for

n=6. The antiferromagnetic phase is absent.

oxidize.

comparison. As in Fig. 5, the diamonds correspond to voltages for
which the current was too large to obtain equilibrium. This 1-day
phase. In general, the antiferromagnetic fraction decreasesidation is not adequate to reach equilibrium, which is probably
with increasingV,¢, but there appear to be antiferromag- the reason for the sample-to-sample variation seen. The Meissner
netic inclusions in some samples that are very difficult toand shielding fractions measured are showitiaiy and theT de-
termined from the onset of diamagnetism is showibin Note that

Figure 7 shows neutron-scattering scans a|ong two direcTC increases from 32 to 45 K at the same voltage at which the step

tions in reciprocal space for crystal XE3. The upper panel, 8 seen in the one-pellet data.
scan ofg alongL, shows on€006) Bragg peak correspond-
ing to a single phase. The lower panel shows the two supelCuQ; octahedra in the orthorhombic phase, and the peak
lattice peaks resulting from a splitting of th@14) Bragg  splits in LaCuO,. s when staging occurs.* The positions of
peak. The latter peak results from the ordered tilting of thethe (014) peaks in Fig. 7 correspond to stage 6.

In Fig. 8 are equivalent scans for crystal XE1, the one for

YE1 which magnetization measurements are shown in Fig. 6. The
450 . . . . upper panel shows two-axis lattice constants; the smaller
(008) %, (larger q) comes from the antiferromagnetic oxygen-poor
00 L 215K . 3 ] phase, and the largésmallerq) comes from the oxygen-rich
£ s © 0% phase. From the heights and widths of the peaks, we estimate
3 o % o ° that less than 40% of the sample is in the oxygen-poor phase.
150 - o e o 7 This is consistent with the magnetization measurements
& ° which imply that~33% of the sample is in the antiferro-
0 0P, . Sororal magnetic phase. The oxygen-rich phase contains a stage-4
595 597 599 601 603 6.05 phase as well as a stage-6 phase. ) Bragg peak from
150 ' : : the oxygen-poor phase and the superlattice peaks are seen in
125} (014) o the lower panel.
100 | 215K _ Although only T,=32 K is seen for most single crystals
£ ° s studied here and by Wellst al?*3 which are oxidized be-
8 5ol o o | low 0.55 V, higher values of; are found for ceramic pel-
S o ° &e o lets. The middle panel of Fig. 9 shows for a set of pellets,
2 N Qo o & ° each oxidized for 1 day. THE, increases at 0.35 V, and the
0 — L sample oxidized at 0.35 V shows two transitions. The higher
3.50 3.75 4.00 4.25 4.50

T. is 45 K for ceramics oxidized at room temperature and 41

K for those oxidized at 353 K. These are determined in the
FIG. 8. Neutron-scattering measurements on crystal XE1. Uppep@me manner as discussed above for crystal XE1.

panel: scan alony reveals two(006) peaks. Lower panel: scan  The lower panel compares the charge for multiple pellets

alongL near(014) reveals the central peak from the antiferromag- With that for the one pellet measured as oxygen is removed.

netic phase, small stage=6 peaks and largar=4 peaks. The sample-to-sample variation for multiple pellets results in

L (rlu.)
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part from the relatively short time of oxidation. It seems lattice peaks, no antiferromagnetic phaggg. 7), and a
clear that the increase if; corresponds to the increase in charge of Qy=0.11+0.01e/f.u., corresponding tod
charge, i.e.g, at 0.35 V. The top panel of Fig. 9 shows the =0.055+0.05, thus confirming that stage 6 occurs at this

Meissner and shielding fractions. value of 6.
Crystal XE1 (Fig. 6) has a component that is antiferro-
IV. DISCUSSION AND CONCLUSIONS magnetic with Ty=240K, corresponding to &

=0.005-0.01. Using the size of the weak ferromagnetic mo-

It has been suggested that the oxidation ofz0, is  ment to determine the antiferromagnetic fractiéig. 6), we
diffusion limited. This situation would be closely analogous conclude that the oxygenated portion of XE1, which contains
to the oxidation of copper studied by Bardeen, Brattain, andoth stage 6 and stage 4, hds 0.1+0.01. Assuming that
Shockley'* In the latter case the reaction is limited by dif- stage 6 occurs only fof=0.055 and using the intensities of
fusion of vacancies through the growing surface oxidethe neutron peak$Fig. 8, lower pang| we estimate that
whereas in LgCuQy, s it would be limited by interstitials stage 4 is ab=0.11+0.02. A proper two-dimensional inte-
diffusing through the oxygen-rich surface layer. However,gration of the neutron peaks might alter this number some-
the observed time dependence and time scale for saturatiavhat. Thus we conclude that=6 is até=0.055+0.005 and
of the charge are difficult to reconcile with this model. Ar- n=4 is at §5=0.11+0.02, so that the ratio of’s is 2+0.6.
rouy et al® have found that the time dependence of the elecThis ratio of thes's is consistent with the simple ratio 3/2 of
trochemical current during oxidation of ceramics at shortthe inverse stage numbers, assuming that the in-layer density
times exhibitst Y2 behavior, as expected for a diffusion- is independent of stage.
limited process*1® We find a similar time dependence for ~ The simple staging model used for graphite intercalation
ceramics at times less thanl10—45 min after oxidation be- compounds assumes that intercalants have constant density
gins. From the latter measurements we would estimate difwithin each layer they occupy, since onlynllayer is occu-
fusion coefficients oD~ 10 1°-10 1! cn?/s; those of Ar-  pied by intercalantss=<n~1. This has also been found to
rouy et al. give 107 13-10 4 cn¥s. However, with such hold for staging in LaNiO, by Tranquadat al® However,
small values oD the mm-size single-crystal samples would there is as yet no way to measure the in-layer density in
equilibrate only after 19-102 s, whereas we observe time La,CuQ, because scattering from the oxygen itself has not
constants of order £0s. Furthermore, the crystals show nei- been unambiguously observed. Although we see plateaus in
ther thet™ Y2 dependence nor the activated temperature dethe charge for ceramics, the data for the crystals are inad-
pendence characteristic of diffusion-limited surfaceequate to conclude that each staged phase occurs at a single
oxidation!® Nonetheless, as one approaches equilibrium, ongalue of the charge.
expects the observed exponential time decay of the current. It appears that in electrochemically oxidized ceramics of
Using the exponential time constant for reduction of the ~ La;CuQ,, stwo superconducting compounds are formed, one
crystals, one finds a very large diffusion coefficient in thewith T,=32K for V<0.35V and the other withT,
lightly doped regime~10° cm/s. Thus it is difficult to =45 K for V,,>0.35 V. The step-by-step reduction experi-
reconcile the rapid oxidation and reduction with a diffusion-ment reveals two plateaus in the density of excess oxygen as

limited process. a function of the voltage, and the step between the plateaus
One might have argued that electric fields accelerate theoincides with the change i .
movement of oxygen ions in L&uQ, However, even at Unfortunately, the results on ceramics and single crystals

278 K the dielectric relaxation time resulting from motion of seem contradictory. We would have expected to see plateaus
holes created by oxygen doping is very sifail and any for the ceramics with charges corresponding to 0.B1 (
electric field would be screened. This is taken into account ir=0.055) and 0.168&/f.u. (6=0.0825), corresponding to
the theory of Bardeept all4 Alternatively, one might have stage 6 and stage 4, respectively. The lower plateau in Fig. 5
argued that inhomogeneous strain accelerates diffusions consistent with stage 6, but the upper plateau has a some-
However, we find even shorter equilibration times for thewhat lower charge than that expected for a saturated stage 4.
reduction of lightly doped samples, which have almost thdt may be that the charge is not fully saturated even after the
same lattice constant as the undoped material, than for tHeng times used for oxidation. However, even if the ceramic
oxidation of samples, for which the difference in strain at thewere single-phase stage 4, we would not expect the observed
boundary between oxygen-rich and oxygen poor regions igigh T, (~45K) based on the results for crystals. Wells
large. We have no model to explain the rapid equilibration ofet al? have reported .= 32 K for crystals whether stage 6 or
the oxidation and reduction reactions. stage 4 when oxidized at voltages less thab5 V. A phase

Our combined neutron, magnetization, and electrochemiwith T, above 40 K has only been previously reported in
cal data provide additional information about the phase diasingle crystals that have stage 2 and stage 3, which are oxi-
gram of LaCuQy, 5. The miscibility gap between the anti- dized at voltages up to 0.6 ¥However, the results for crys-
ferromagnet and the oxygen-rich phase[the tal XE1 reported here and more recent work by our group
antiferromagnetic (AF) gap| is between §=0.01 and suggest that crystals with stage 4 sometimes have a compo-
6=0.055 for ceramic samples. Welkt al. have studied a nent withT.~40 K. More work needs to be done to identify
crystal with § in the AF gap which shows phase separationthe structure of phases wiih, greater than~30 K.
and staging with stage=6 asT is lowered. From this they It is evident from Fig. 5 that plateaus are more easily
infer thatn=6 at §=0.055, the highs edge of the AF gap. identified in reduction than oxidation data. This clearly sug-
They could not determine this directly becauSeis not  gests that it would be valuable to oxidize ceramics and crys-
known for their crystal. Crystal XE3 has only stage-6 supertals at high voltages:~0.6 V, and then measuré during
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reduction. Although this would give more information about measurements of the oxygen content can be valuable in char-
the phase diagram, as for thermogravimetric analysis ifcterizing samples for such studies.
would leave a reduced sample.
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