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The compound LgCuQy, 5 is known to phase separate for 0:08<0.06 below a temperaturB,s~300 K
into the nearly stoichiometric antiferromagnetic compoungluad, o;_4 o,With Néel temperaturd y~250 K,
and a metallic oxygen-rich phase JGuO., o With superconducting transition temperatirg~34 K. We
report studies of the superconducting and normal-state static magnetic susceptibflibta,CuQO,, ;s Samples
with 0=<6=<0.11 prepared by electrochemical oxidation or reduction of conventionally synthesized ceramic
La,CuQy, s The upper limit to the miscibility gap at low is found be §<0.065, in agreement with the
previous work. The interstitial oxygen diffusion during the phase-separation process was studied using
thermal- and magnetic-field history-dependg(T,t) measurements versus temperatlirand timet as a
probe. Phase separation is found to be suppressed by quenchiri@@tk/s and favored by slow cooling at
~0.5 K/min. A large thermal hysteresis of both the normal and superconductingy¢Btewvas observed
between data obtained after quenching5t K and then warming, and data obtained while or after slowly
cooling from 300 K, for samples of LEuUQ,, s (§~0.030, 0.044 within the miscibility gap. Quenching
reducesT . by =5 K relative to the valug34 K) obtained after slow cooling. A similar decrease is found for
La,CuQ, g5 Which does not phase separate, indicating the importance of oxygen-ordering effects within this
single phase. A model for the excess oxygen diffusion is presented, from which the data yield a nearly
T-independent activation energy for excess oxygen diffusiai®.@4+0.03 eV from 150 to 220 K apart from
a possible anomaly near 210 KS0163-182806)04725-X]

[. INTRODUCTION acteristic minimum dimension 300—1500°A.
It has recently become possible to synthesize homoge-

Phase separation has been found to occur in oxygemeous polycrystalliné=2® and single crystaf?"2°
doped LaCuQ,, 5,'~% as proved by Jorgensest al. from a  La,CuQ,. ;s samples with controlled variable composition
neutron-diffraction study of a polycrystalline sample of §<0.12 by electrochemically oxidizing L&uQ, in aqueous
La,CuQ,, s (6~0.03 synthesized under high oxygen base at ambient temperature. This synthesis technique has
pressuré. A reversible macroscopic phase separation wasllowed a detailed study of the phase diagram in (fie)
observed below a temperatugs~320 K into two nearly plane. Neutron-diffraction measurements of the miscibility
identical orthorhombic phases with excess oxygen contentgap limits using such sampf@swere in agreement with the
estimated to be §,~0.01 andé&,~0.08 at 200 K, respec- above values found from NQR/NMR and the maximiim
tively. The oxygen-rich metallié, phase becomes supercon- was found to be about 415 K fa$=~0.03, as shown in the
ducting belowT.~34-38 K whereas the oxygen-poa};,  phase diagram fo<0.07 in Fig. 1%%°~3% Samples with
phase exhibits long-range antiferromagndééd-) order be- §=0.08 to 0.12 showed no phase separation down to 10—-16
low the Neel temperatureTy~250 K2 Thermopowef® K demonstrating that these compositions are beyond the up-
electrical resistivit'° magnetic susceptibility y,"**!  per miscibility gap limit5~0.063°
specific-heaf;’* and nuclear magnetic resonance/nuclear In order for macroscopic phase separation to occur below
quadrupole resonante®® (NMR/NQR) measurements have Tps in the LgCuQ,, 5 system for compositions within the
been found to show anomalies at,. From neutron- miscibility gap, the excess oxygen iortand their doped
diffraction measurements on a single crystal w#s0.03, holeg must obviously diffuse distances large compared to
the excess oxygen was found to be located in interstitial siteghe unit cell dimensions. On the other hand, the excess oxy-
between adjacent LaO layers, tetrahedrally coordinated bgen ions should also become frozen in place at sufficiently
four La atoms:®!’In Ref. 17, the authors concluded that the low temperatures. On the basis bfLa spin-lattice relax-
miscibility gap boundaries at 15 K wefg~0 ands,~0.048.  ation rate data, Hammet al. concluded that the mobility of
NMR/NQR studies of single crystals produced under highthe excess oxygen becomes insufficient bete®©0—-200 K
oxygen pressure indicate that the miscibility gap boundarieo allow macroscopic phase separation to procéédlin
below ~200 K ares;~0.01 ands,~0.06**>'8Ryderet al.  contrast, Ryderet al® have also explained their observed
have presented dark-field transmission-electron microscop@ysteresis in the resistivity between 150 and 280 K, obtained
images which revealed an anisotropic herringbone-type dosn slowly cooling and warming0.2 K/min), as due to phase
main structure of the oxygen-rich and -poor phases of charseparation, and they concluded that diffusion of the excess
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therefore interpreted the first step as arising from coalescence

700 ' ‘ ' ' ' ' into percolating superconducting clusters of ferromagnetic
__ 600} La;CuOy,5 ] polarons (ferrong associated with the doped holes in the
X 500 F4/mmm ] CuG, planes, not accompanied by motion of the excess oxy-
o gen, and the second step as arising from macroscopic phase
2 400} ] separation involving the excess oxygen. Because the first
o 300 ] step was assumed not to involve oxygen diffusion, Kremer
g et al. concluded that the phase-separation transition is elec-
£ 200 tronically driven. Perhaps surprisingly, several studies have
= also suggested a magnetic-field history dependence to the
100 superconducting properties fo=0.023%3° again consistent
0 with an electronic mechanism for phase separation; these re-
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 sults have not been confirméd.
5 Further investigation of the excess oxygen diffusion pro-

cess is desirable in order to better understand how to inter-
FIG. 1. Structural, magnetic, and superconducting phase digpret the reported thermal and magnetic-field history-
gram (:.)f L@CUO4+5. The structural phase diagram is from Ref. 30. dependent physica| properties of thE'ZCHQH(s System_ In
The Neel temperaturd’y=325-328 K for LagCuQ, (6=0) is from  this paper, we report detailed measurements of the depen-
Refs. 6, 31, and 32, and the parabolic dependendgain doping  dences of the superconducting and normal-state dc magneti-
level for §<0.012 is from Refs. 33 and 34. zationM and magnetic susceptibility on cooling rate, an-
nealing temperature after quench to 5 K, magnetic fteld
oxygen is significant down te=150 K. and timet for La,CuQ,, s samples withd~0.02, 0.030, and
The superconducting and normal-state properties below-044, which lie within the miscibility gap region, and
Tps of phase-separated compositions of,CaQ,,; are 6~0.00, 0.065, and 0.110 which are outside the miscibility
expected, and fountf’913151823.283036-465 depend gap region. The results of these experiments are interpreted
on the thermal history of the samples. Many in terms of a model for the excess oxygen diffusion, driven
workers9:13:1518,28,30.37.38.40~48/a found that the supercon- by the mechanism of phase separation.
ducting T, of samples quenched te4 from 300 K is de-
pressed by-5 K compared with that~32-34 K onsetfor
slowly cooled samples. For example, after quenching-#o [l. EXPERIMENTAL DETAILS
K subsequent annealing at a temperatligg, followed by
qguenching ¢ 4 K results in a maximunT; onset of=32 K
for T,,~200 K, where the diamagnetic shielding suscepti- Polycrystalline LaCuQ,,s samples with §~0.03010),
bility at 5 K was found to be independent -6%nn; higher or  0.04410), 0.06510), and 0.1101L0) were prepared by elec-
lower T, values resulted in a reducdq .***®In a related trochemically oxidizing conventionally prepared ceramic
experiment, samples were first cooledta! K, heated to La,CuQ, as described previousty:** Additionally, a sample
Tann then slowly cooled irH~100 Oe to lowT; in this case, with minimum excess oxygen content was prepared by elec-
the Meissner fraction showed a large increaseTigy,in the  trochemicallyreducing ceramic LaCuQ, with a current of
range 200-220 K and saturated above 220 K, with a con100 uA for one week. Fromy(T) measurements, this elec-
commitant increase i, onset from 34 to 40 K foiT,,, trochemically reduced sample showed aeNeemperature
increasing from 160 to 220 K By comparing ac suscepti- Ty~315 K, which corresponds t#<0.005 according to
bility and (dc) Meissner effect data, Sulpicet al>’ con- Refs. 33 and 47, and no trace of superconductivity from
cluded that the enhanced Meissner effecda&K in H=10 low-field (10—50 O¢ dc magnetization measurements. A ce-
Oe, which they found upon increasifg,, from 220 to 270 ramic sample of LgCuQ,, s conventionally prepared in oxy-
K, resulted from flux-pinning effects and not from an in- gen was also studied. This sample showed a trace of super-
crease in the superconducting volume. In contrast, it wasonductivity below 26 K upon field cooling in an applied
inferred from low-field microwave absorption measurementanagnetic fieldH =50 Oe, and has an excess oxygen content
at 10 K following a quench to 10 K and annealindTgf,for ~ estimated from Fig. 1 to bé~0.02.
10 min followed by slow cooling that the superconducting The oxygen contents of the electrochemically treated
volume was enhanced fdt,,=170 K* The intensity of a samples were calculated from the weight loss ofQz0,, 5
Cu*? electron-spin-resonance signal observed for quenchepowder under He atmosphere in a Perkin Elmer Series 7
samples at 4.2 K decreased markedly for 1887TK,,<220 thermogravimetric analyzer between 180 and 386%¢.
K.*¢ Kremer and co-workef8™*! found that samples The samples with§~0.044 and 0.065 are from the same
guenched to 5 from 300 K exhibit only a small supercon-batches that were examined by neutron-diffraction structural
ducting diamagnetism, and that subsequent annealing analysis’®® The sample with5~0.044 shows a tetragonal-
T.,—=150-300 K caused the apparent superconducting volto-orthorhombic(F4/mmmto Fmmm) structural transition
ume to increase in two steps with increasifg,,. A small  at about 340 K and then a phase-separation transition below
maximum in the apparent superconducting volume wad ,s~270 K into two orthorhombic phases described by space
found whenT,,~180 K; a further and much larger maxi- groupsFmmm(75%) andBmab (25%).%° The sample with
mum was observed fof ,,~220 K. These authors believe 6~0.065 shows a singl&mmm structure with no phase
that the excess oxygen does not diffuse bete00 K, and  separation down to 10 Ksee Fig. 1%

A. Sample preparation and characterization
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B. Magnetic susceptibility measurements

and quenching procedures 24 E

Temperature- T) dependent dc magnetic susceptibilities 22
x(T) and superconducting transition temperatufeswere 3 -
measured using a Quantum Design superconducting quan- m; 1.8
tum interference devicéSQUID) magnetometer. The scan ~ 1.6 F
length was 4 cm for all measurements. Samples of 2 14 Eo.
La,CuQ,, s were quenched from=300 K directly into liquid S 3
nitrogen at 77 K and quickly transferred to the precooled TR
SQUID magnetometertd K in zero applied magnetic field T Fo.
H. Alternatively, samples were inserted directly into the pre- 08 Lot e b s b Laaad
cooled magnetometet & K from ambient temperature. The 50100 150 %.(()'% 250 300 350
average quenching rate is estimated to=hH00 K/min. No ST T T Ty
significant differences were found for either the supercon- 0 3 LaZCuOM (b) 1
ducting or normal-state magnetic properties between these ; . ]
two quenching procedures. The susceptibilities after quench- 3 =3 F, 530 j E
ing, x2(T), were measured upon warming. The susceptibil- " 0 F e . E
ity data measured while slowly cooling®“(T), were ob- T 0044, 4 o * e ]
tained upon cooling from=300 K in temperature steps of 5 2 » 3 * ..:' E
or 10 K. There was a momentary undercool of about 5 to 15 <720 F /’ .
K below the set temperature for data taken on cooling. The 25 5_0.065““.“.“...»0’ Field cooled -3
average cooling rate for the discrete slow cooling process : H=100e ]
was 0.4—0.7 K/min. The time for the sample chamber tem- 30 T 2050
perature to stabilize at a new temperature for warming and T (K)

cooling experiments is estimated to be about 4 and 10 min,

respectively. The meas””f‘g. tlme.to Obta.ltr: E.!thalue FIG. 2. (a) Normal-state magnetic susceptibilitieg versus
;’VﬁiO<3?<i%9-5 Errsg;agnet'? IITlpL:rltty ;?nt“ utlor;§ﬂi[§3.4 f temperaturel for La,CuQ,, s samples with5~0.02, 0.030, 0.044,
010.8 cnrig, equivalent 1o the magnetization ot 5n4 o 065, measured in an applied magnetic fi¢ld0.5 T. (b)
~3 at. ppm of Fe metal impurities with respect to Cu, wereyagnetic susceptibility, versus temperatufg for the LaCuQy, 5

determined by extrapolating linear fits to tNE(H) isotherm  samples withs~0.030, 0.044, and 0.065. The data were measured
data toH=0 from H>1.5 T at 300 K, these contributions atH=10 Oe upon Warming after field coo"ng_

were corrected for in thg(T) data presented below. Super-
conducting properties were measured at low figh=10  in order to maximize phase separation, whereas the data for
Oe) on warming, either after quenching or slow cooling; tothe other two samples were measured upon warming after
minimize the remanant field of the magnet, the magnet waguenching to 5 K.
quenched before each such measurement. The normal-state(T) data are shown in Fig.(3). The

To measure thé dependence of at a fixedT, a sample  pronounced peaks ig(T) at Ty~250 K, associated with AF
was first quenchedit5 K in zero applied field as described ordering of thes, phase and plotted in Fig. 1, are seen to
above. TheT was then quickly raised to the minimum mea- decrease in magnitude with increasidgand to essentially
suremenfl and x(t) measured for about 1 h. After measure- disappear by5~0.065. This indicates that the upper misci-
ments at the initial minimunT, subsequent measurements atbility gap composition al ~250 K is §,<0.065, consistent
higherT in increments of 5 or 10 K were made after heatingwith the structural data in Fig. 1. From Fig(@®, the peak in

from the last measuremeift x(T) due to the AFS, phase becomes rounded with increas-
ing &, particularly for the5=0.044 sample; a very similar
. EXPERIMENTAL RESULTS x(T) behavior was observ&tfor a single crystal witff

Tps=(260+5) K and Ty=(245=3) K. This evolution makes

it difficult to separate the effects gf(T) due to phase sepa-
According to proposed T-6 phase diagrams for ration and AF ordering of thé, phase for the more heavily

La,CuQy, ;131>1823.28300r samples with§~0.030 and doped samples. The evolution in the shape of the anomaly

0.044 are expected to be separated belgynto two phases  with increasings suggests a reduction in the domain size of

with compositions at the miscibility gap boundari®s=0.01  the §; phase with increasing within the miscibility gap

and 6,~0.06, respectively. On the basis of previous workregion.

cited above, the5; phase is antiferromagnetic withy~250 According to Fig. 1, the minimunTy observed for the

K, whereas the, phase is superconducting with=32-34  La,CuQ,, s system should be-250 K. However, from mag-

K. Our samples withp~0.065 and 0.110 do not phase sepa-netization(T,=0-300 K2 (T\,=130 K),*° (T\=135-305

rate according to the previous neutron-diffraction results ork),*® (T\=32-310 K,** muon spin rotationTy=10-300

these sample¥, whereas T,&~270 K for the §~0.044  K),>*and neutron diffractioiTy=45-295 K (Ref. 53 mea-

sample®® surementsTy values less than 50 K have been obserfed.
Figure 2 shows((T) data for four samples of LEUO,, s  These low values are presumably associated with the pres-

with §~0.02, 0.030, 0.044, and 0.065. The datadst0.030 ence of cation vacancies, impurities and/or nonequilibrium

and 0.044 were obtained upon warming, after slowly coolingexcess oxygen contents or distributions in particular samples.

A. Miscibility gap
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FIG. 3. Magnetic susceptibilityy of La,CuQy, s sSamples in an FIG. 4. Magnetic susceptibilityy of La;CuQy o44in an applied

applied fieldH =10 Oe versus temperatufe for (a) ~0.030 and field H=10 Oe versus temperatur€. The samples was first
0.065 and(b) 0.11. The samples were either quencliegen sym-  quenched from 3000t5 K in H=10 Oe andy(T) measured on
bols) or slowly cooled(filled symbolg from 295 b 5 KinH=10  warming(open squargs Then the sample was annealed foh in
Oe prior to measurement on warming. H=0.5 T (diamond$ or 5 T (filled squaresat a temperatur€ ,,,, of
190 K (a) or 210 K (b), quenched agairot5 K in H=10 Oe, and

Information about the miscibility gap was also obtainedx(T) remeasured on warming.
from superconducting stajg€ T) data. Shown in Fig. @) are
xq(T) data for the LaCuO,, ; samples with5~0.030, 0.044, ference in the superconducting properties between quenching
and 0.065. These data were obtained on warming afteand slow cooling. Similar thermal history dependences of
slowly field cooling the samples iH =10 Oe from~295 K.  have been observed previously for samples ofQLED,, s
The measured field-cooleg values are good indicators of with & within the miscibility gap>®131%:1828.30,37.38.40-4g/¢
change of the superconducting volume fraction, when deconclude that this thermal hysteresis effecflorobserved in
magnetization factor, density of pinning center, and penetraphase-separated samples arises at least in part from the hys-
tion depth are assumed to be the same in these samples. Tiegetic effect in the pure LEUO, o65 phase in those samples.
measuredy(5 K) values of the superconducting, phase The latter behavior may in turn reflect thermal history-
increase monotonically with increasiywhereas th@, of ~ dependent oxygen ordering effects, consistent with the
this phase, plotted in Fig. 1, is nearly constant at 32—34 Kneutron-diffraction data for the L&uQ, os5 sample which
These data are consistent with the miscibility gap boundarieshowed superlattice reflections presumably associated with

6,~0.01-0.02 and5,~0.06 in Fig. 1. spatial ordering of the excess oxygen atoms.
We have carried out several experiments 0pQLeD, g4

to study whether the superconducting properties depend on
the magnetic-field history?3® The superconducting state
Xy(T) data in Fig. 4 were obtained after quenchingtK in

The superconducting state magnetic susceptibiliigd) a 10 Oe field and also after annealing at 190F%g. 4(a)] or
measured withH=10 Oe for LgCuQ,,; samples with 210 K[Fig. 4(b)] for 1 h infields of 0.5 or 5 T, and then field
6~0.030, 0.065, and 0.11 are shown in Fig. 3. For eacltooling b 5 K in afield of 10 Oe. The superconducting state
sample, data are presented both after quenching and sloslata in Fig. 4 show no observable dependence on the field at
cooling from 295 K. For6~0.030, which is within the mis- which the annealing at 190 or 210 K was carried out. Thus,
cibility gap, the field-cooled data in Fig(8 show that the these measurements do not confirm the field dependences of
slowly cooled sample has both a larger (by =5 K) and  the superconducting properties reported #s10.02 in Refs.
diamagnetic susceptibilities than the quenched sample. OB6 and 39.
the other hand, fo6~0.065, which shows no phase separa-
tion according to neutron-diffraction analysisthe sample
obtained after slowly cooling has a highkr (by ~2 K) but
almost no superconducting fraction change, compared with
the quenched sample. The data in Figh)3for §~0.110, The timet evolution at fixed temperatur€ of the mag-
which also does not exhibit phase separafioshow no dif-  netic susceptibilityy for La,CuQ, o,,was measured after ini-

B. Thermal and magnetic-field history dependence of . and
of the superconducting fraction

C. Time dependence of the normal-state magnetic
susceptibility at fixed temperature
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FIG. 5. () Normal-state magnetic Susceptib"% vs tempera- FIG. 6. The timet evolution O.f the magnetic SusceptlbIIIRg(t)/
ture T for La,CuOy g44 The sample was zero-field quenched from x(0) of La;CuO, g44after quenching from-300 to 5 K and heating
~295 to 5 K first and then measuredHt=0.5 or 5 T upon warm- 10 successive constant temperaturgd T=150-200 K, (b)
ing, yielding x2(T) data. After they®(T) data were obtained at a T=210-260 K. For clarity, only a representative fraction of the
given field up to 300 K, data were obtained upon slowly cooling indata is shown.

T increments of 5 K, as indicated, denoted £3-(T). (b) Mag-

netic susceptibilityy, of La;,CuOj o44 versus temperaturg, at an ~ M(H) behavior, suggesting that the phase-separation transi-
applied fieldH=5 T measured upon warming after quenching to 5tion is suppressed in this sample. A second major contribut-
K (open circley or while slowly cooling from 295 K(filled ing factor is that even if the quencb 6 K is ideal, phase
circles. The multiple data points for constaht=150 K reflect the ~ separation occurs during thé’(T) measurement upon heat-
time dependence of; measured over a period of about 11 h. Dataing due to unfreezing of the excess oxygen abevib0 K

for Lay g¢S1.04CUO, from Ref. 57 (lowest solid curvg xx(T) in  (see below, resulting in the formation of an AF phase which
Egs.(11)—(13), represent the behavior expected forCaO, ga4iN then shows &(T) anomaly afT ~250 K.

the absence of phase separation. The measuredt dependences ofy at H=5 T for
La,CuQ, 44 at each fixedr from 150 to 290 K are shown in
Fig. 6. For 150 K=T=<260 K, x(T,t) increases with, but

the 1 h measurement time at eaclis not long enough foy

to grow to the equilibriumy>-%(T) values(see Fig. 5. The

tially quenching the sampl®t5 K and then rapidly heating
the sample to the firdlowes) measurement. x(T,t) data
were measured at this for about 1 h. The sample was then

repeatedly heated to the next higher measurememthich as_light decrease in(T,t) with t for T>270 K~T,, (not

was either 5 or 10 K above the previous one, and the me hown indicates that anificant ti : iradl Tor th
surement repeated. A typical complete measuring cycle fop 1OWD Indicates that a signiticant ime IS required for the

H=5 T is shown in Fig. f). Note that at a given measure- sample to reach internal thermal equilibrium even for
mentT, this sequence preserves the previous time evolution > Ths:
in the sample at lower measurement temperatures.

For an ideal quench, one would expg&(T) in Fig. 5a) IV. ANALYSIS AND DISCUSSION
to be du.e tp thg supersaturated system containing a homo_gg; The approach of the susceptibility of quenched LaCuO, ous
neous distribution of excess oxygen. However, the anomalies
between 150 and 260 K observed in th®(T) data in Fig. S o )
5(a), reflecting long-range AF order, indicate that phase To provide initial insight into the kinetics Ieadmg to the
separation has occurred in the quenched sample. The mdéne dependence gft) for La,CuQ, o44after quenching and
probable explanation is that our quenching rate is not fasficreasingT to the measurement temperatures in Fig. 6, it is
enough to completely prevent phase separation; evidence féigeful to consider the approach gft) to equilibrium nor-
this is the slight positive curvature M(H) for H>0.3 T for ~ Malized by the difference betwegnat the start of the mea-
the quenched sample of J@UO, o4, (NOt shown. The dis- ~ Surement at a part|cglélf and the ethbrlum_ vglue. Thus,
tinct positive curvature itM (H) for H=3 T for the slowly et us define the fractional approach to equilibrium fo=5
cooled sample signals the transition into the weak ferromag! by
netic (WFM) state with increasingd, consistent with the
occurrence of phase separation in this sample. On the other f(t)= x(H)—x(t=0)
hand, the quenched sample shows a more nearly linear X°HC—x(t=0)"

towards equilibrium
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FIG. 7. The function f(t)=[x(t)— x(t=0)[x>-C—x(t=0)]

versus timet, showing the fractional approach of the susceptibility

Since the phase-separation process causes an accumulation
of oxygen, an opposing diffusion fludgs=—DVc, is in-
duced according to Fick’s first law. The total flux of excess
oxygen is the sum of the drift flux and the diffusion flux,

J:Jdiﬁ+Jdr:_D(VC+CVV/kBT). (2)

Inserting Eq.(2) into the continuity equatio@c/dt=—V-J
yields a differential equation faz(r,t):>®

Jc

EzDV(VchcVV/kBT). 3)
One can obtain a closed-form expression &r,t) if we
neglect the influence d¥c.>® This assumption appears to be
justified because the phase-separation process,@uQ@, s

is diffusion limited® Then Eq.(3) becomes

x(t) towards equilibrium. For clarity, only a representative fraction Jc vay

of the data is shown. —=cbh —. 4
ot kgT

where x°-C is the equilibrium value at a particular tempera- The solution is

ture as determined upon slowly cooling the san{gke Fig.

5). The functionf (t) is plotted in Fig. 7, where it is seen that 2

the normalized rate of approach to equilibrium increases c(r,t)=c0exp< Dt kB_T) ®)

monotonically with increasin@ from 150 up to 220 K. This

implies that the diffusion rate of the excess oxygen also inWherec, is the (uniform) excess oxygen concentration prior

creases monotonically with over thisT range.

B. Oxygen diffusion during phase separation in LagCuOy, 5
A model for the time dependence of the magnetic
susceptibility at fixed temperature

to phase separation.

Knowledge ofV(r) is necessary to obtain a solution for
c(r,t) in Eq. (5). In an analysis of 3D stress-assisted precipi-
tation, Shewmon has shown that the concentration of precipi-
tated regions has &' time dependence fov(r)=—g/r in
the short time limit whereVV is dominant andVc~0.%®

In this section, we derive a phenomenological model forHere, we extend this calculation to 1D and 2D segregation.
analyzing the above timet)-dependent susceptibility data, For 1D diffusion, we assume the general form
from which we derive the temperature-dependent diffusion

coefficient of the excess oxygen and the diffusion coefficient dv(r) € (Xo

activation energy. One expects the linear sB&eof the

O © T) , in 1D, (6a)
0

oxygen-rich domains to initially increase during phase sepa- ) ) . )
ration as a power law i, S~t*, where the exponent is wherex, is an arbitrary scale length andis the distance

x~1/3 to 1/2 for a system such as ours with a conserved©m the potential core line. In 2D, we assume that

order parameter? Therefore, if the diffusion resulting in

phase separation is effectively one dimensiofidD), the

V(r)=—r, in 2D, (6b)

numberN, of excess oxygen atoms in the oxygen-rich phase r
should initially scale adN,~t*, whereas if the diffusion is where y>0 is a constant and is the radial distance of an

two dimensional2D), N,~t%*. Thus, including both 1D and

2D cases, we expect thilt, should initially grow asN,~t3

excess oxygen atom from the potential core. In Eff.the
power « determines the initial time dependence of the num-

to N,~t. We wish to synthesize a model which contains they o, of excess oxygen atoms in the oxygen-rich phase during

initial power-law time dependence, allows consideration o

f

phase separatiofsee below, and these postulated forms for

both 1D and 2D diffusion, and which explicitly contains the V(r) were chosen in order to obtain the safsee Eq.(9)

diffusion coefficient.

below] time dependences for a givenin the 1D and 2D

We begin by closely following the treatment of .55es We now assume that the akeeom which the excess

Shewmorr® One may describe the oxygen drift fluk,,
driven by the phase separationfgs=cvy=cuF, wherec is

the excess oxygen concentratipnandvy, are, respectively,

oxygen diffuses to a potential core is finite in extent, as
would occur if there is a regular array of identical potential
cores. This assumption is consistent with the herringbone

the mobil_ity and drift_ velocity of _the excess oxygen, ar_ld pattern of phase-separated regions ipQiz0,, ; observed in
F=-VVis a generalized force driving the phase separatiorkef 9 these micrographs also suggest that the 1D diffusion

and which is associated with the potential The Einstein
relation relatesu to the diffusion constanD of a random
walk asu=D/KkgT. Thus, one obtains

—DcVV

TheT @

Jar=CVy=

model may be more appropriate than the 2D one. In 1D, let
A=Lr,, whereL is the length of the potential core line and
r, is the transverse dimension of the ardalIn 2D, let
A=r2, wherer, is now the radius of the areA. For the

1D and 2D potentials suggested above in Es. one ob-
tains
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T T T T T T T T T To _CDtrS)CH-l) .
Nz(t):LCojo 1—ex W dr, in 1D
(83
and
S
S 2 —CDtr2«tb _
© Nz(t)ZWCOJ‘OO 1—ex W dr, in 2D.
(8b)
After changing variables ta=[CDtr{ V/kgTr@*V]V2 jn
the 1D case andi=[CDtr2®* Yk Tr2«*D112 in the 2D

case, and normalizing to the equilibrium number,
/o Ny(t=0)=N=c4Lr,in 1D andN=c,mr 3 in 2D, of excess

o _ oxygen atoms in the oxygen-rich phase, one obtains for both
FIG. 8. Excess oxygen concentrationdivided by the uniform the 1D and 2D cases

concentratiort,, prior to phase separation, versus distandévided

by r,, wherer is the transverse distance from the potential core line N(t)

andr, is the maximum transverse distance per potential core line. = —— (CDt/kgT) ¥+ D

These are plots of the prediction in E@a) of our model for the 1D Np() e+l

case with a=1, for various values of the reduced time w 1—exp(— u2)

*= /kgT)t. X — =~ du. 9)
t* =(CD/kg (CDUkgT)2 u@t3a+D)

Na(t) —CDtri*™ Y\ For CDt/kgT<1, Eq.(9) predicts an initial time depen-
cr.y=—4 5(f>+CoeXP( “kgTr@n | 1D dence N,(t)/Ny()~(CDt/kgT)¥**D  whereas for
(7a)  CDUtkgT>1, Ny(t)/Ny(»)—1. From the introduction to
this section, we wish to examine values @fsuch that the
and initial N,(t)~tY with y=1/(a+1)=1/3 to 1, corresponding
to a=2 to 0. Note that the time parameteat a particular
N,(t) —cDtretD temperaturéf is the time since phase segregation started for
c(r,t)= 5(r)+coexp< %) in 2D, an ideally quenched sample, as determined at Thatow-
A kgTr ever, our quenched sample is already partially phase sepa-
(7b) rated(see beloy, and the degree of phase separation at the
) i beginning of ay(t) measurement at fixetl increases witT
whereNy(t) is the number of excess oxygen atoms in thepecayse of the sequential order of the measurements. There-
oxygen-richs, phase at time, i.e., in the potential core(r) fore, to fit to our experiments, we replaten Eq. (9) by

. . . _ 1 l_
is the Dirac deltazfug(cilgn an@=ealr; ", “forthe 1D ¢ 1t \vhere the lattet is the measured time elapsed at a
case andC=4ya/r3*"" for the 2D case. From Eqs7), particularT:

phase separation proceeds by the unphysical accumulation of
excess oxygen on a potential core lifie 1D) or a potential N,(t)

core point(in 2D) at r =0, which would correspond to infi- N ()  at1 [CD(to+t)/kgT]He+ D)

nite density. Physically, one reinterpréls to be the number 2

of phase separated atoms present at the physically realized o 1—exp —Uu?)

density of thed, phase® This accumulation depletes the XJ[CD“ ol U du. (10
o

region around the potential core of excess oxygen atoms un-
til, at long times, there are no excess oxygen atoms outsidéhe parametet, is the time it would have taken at tempera-

of the potential core. Examples of the concentration profilegure T for the sample to phase separate from an ideally
outside of the potential core versugor varioust for the 1D  quenched state to the actual extent present in the sample at
case witha=1 from Eq. (7@ are shown in Fig. 8. Thus, in the beginning of ay(t) measurement at that. A plot of

this model the equilibriumt=w) concentration of excess Ny(t,+t)/Ny() versusCD(t,+t)/kgT from Eq. (10) with
oxygen atoms in the oxygen-pody phase is zero. Were it «=1 (x=1/2) is shown as the solid curve in Fig. 9. The
not for the freezing of the excess oxygen atoms betels0  parameters, and productCD are to be adjusted to obtain a

K, the left edge of the miscibility gap in the equilibrium fit of the data to the solid curvesee below.

phase diagram might approadéi=0, in contrast to the pre- At this point we must specify how to relate
sumably nonequilibrium behavior seen belewl50 K in  Ny(t,+t)/Ny() in Eq. (10) to the measured time-dependent
Fig. 1. susceptibility x(t,+t) at a particularT. To do this, we as-

Since the total numbeX of excess oxygen atoms associ- sume that at any givehand T the sample consists of uni-
ated with each potential core is constéNt=c,A), one can form fractionsN,/N of the §; phase N,/N of the 8§, phase
obtainN,(t) by integrating the exponential term in Eq43)  with the remainder being untransformédohase; this is an
as in Fig. 8 out to the edge of the region containing theapproximation to the concentrations in the model as dis-
potential corgi.e., tor =r ), and subtracting this result from cussed above and shown in Fig. 8. At a giteand T, the
the total numbeN of excess oxygen atoms: measured susceptibility is then
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FIG. 9. Time (t) dependence of the numbét,(t) of excess
oxygen atoms in the oxygen-ricd, phase in phase-separated
La,CuQy, s normalized to the equilibrium valud,(t=). An ideal
quench is assumed at time-t,=0. The solid curve is the predic-
tion of our model in Eq(10) with a=1, and the data points are fits
of the data in Figs. 5—7 to the curve using Etp); for clarity, only
a few representative data points are plotted.

Ny N
X= xat et

N;+N,

==

Xx (11)
where x;, x», and y, are the molar susceptibilities of the
respective pure phases at temperaflirdcquation(11) im-
plicitly assumes that the susceptibilities of thg &, and
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FIG. 10. (a) Product of the constai@ and the diffusion constant

untransformeds phases are independent of particle size,p for the excess oxygen in LBUO, 544 versus inverse temperature
shape, and edge width, which are not necessarily good ap1/r), and(b) the parameterr, versusT. The parameter€ D andt,

proximations in view of the data for LEUQ, g44in Fig. 2(a).

were obtained by fitting the data in Figs. 5-7 to the model calcu-

However, we have no information on these particle properiation in Egs.(10) and(13) (solid curve in Fig. 9.
ties belowT s or the dependences of the susceptibilities on

them with which to refine the model. By combining Efj1)
with the oxygen atom conservation expression
Nl5l+ N252: (Nl+ Nz) 5, one ObtaInS

[

and, at the time of=t,+t and t=c« from Eq. (12), the
desired form

8,— 8

5—o,

X~Xx= (X1= Xx) T X2~ Xx (12

X(tott)— xx _ No(to+t)

X7 xx N()

13

where y°-°=x(t=w) is the equilibrium susceptibility in Fig.
5 obtained upon slowly cooling the sample.

The ideal quenched susceptibility, in Eq. (13) for
La,CuQ, 44 is estimated to be that of an equivalently hole-
doped sample of La ,Sr,CuQy. In the low doping regime

We illustrate our data fitting procedure for the value 1.
Using Eq.(13), the y°-%(T) data and they,(T) for x=0.04
in Fig. 5(b), we determined the constaty and the product
CD in Eq.(10) at eachT which allowed the data fad=5T
at each fixedr in Figs. 5—7 to be scaled onto the solid curve
in Fig. 9. The scaled data are plotted in Fig. 9, and the fitting
parameter€CD andt, are plotted versus T/andT in Figs.
10(a) and 1@b), respectively. In Fig. 1®), the value oft, is
seen to increase with decreasihgwhich is expected since
the oxygen mobility decreases with decreasind-rom Fig.
10(a), the diffusion constanD of the excess oxygen atoms
shows an activated temperature dependence with a nearly
temperature-independent activation eneffy~(2810+20)
K=0.234 eV. Similar analyses with=0, 0.5, and 2 yielded
E,=2457, 2582, and 3155 K, respectively. Since the actual
effective dimensionality of the oxygen diffusion during
phase separation in b@u0,, 5 is unclear, we conclude that

(6<0.08 of La,CuQ,, 5 each excess oxygen appears to do-within our model, the activation energy is,=(2800+350

nate about one hole to the Cu@lanes??2’34lin contrast
to two holes/excess oxygen atom expected fof.GConsis-
tent with the former hole-doping assignment,(T) for
La,_,Sr,CuQ, with x=0.04%" is in close agreement with
X(T) for La;CuQ, o4 above T ~270 K, as shown by the
lower solid curve in Fig. &). Further, comparison of the
data at ~100 K for L&CuOygs With those for
La; ¢6Shh 0ACUO, in Fig. 5(b) shows that our quenching pro-
cedure does not result in an ideal quench foyQEOy 444

K=(0.24+0.03 eV. Analysis of 0.5 T data as in Figs. 57
as above gave good agreement with the model, with the same
value of E, to within the given error bar and similay(T)
values as in Fig. 1®). Our value forE, is comparable with

the rough estimate between 200 and 250025 eV} ob-
tained in a'®La NQR study of high-pressure-oxygenated
La,CuQ,, 5 with 8~0.0328 which together with our result
suggests a similar activation energy for diffusion from 150 K
up to at least 250 K. We note, however, that the data in Figs.
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10(a) and 1@b) suggest a possible anomaly-a210 K in the  this possibility, the activation energy of 5000 K for 2D ex-
temperature-dependent diffusion coefficient apdalues. cess oxygen self-diffusion cited above 6x0.01 (Ref. 61
is ~70% larger than we find fo6=0.044. Oxygen diffusion

studies to lower doping levels would be of interest in this
C. Comparison of the above oxygen diffusion properties in regard.

La,CuOy,, s with those inferred from other probes

The abovex(t,T) results in Figs. 5—7 indicate that after
guenching to 5 K, phase separation in,Ca0, g44 is first
observable with increasin@ at 140-150 K. This result is
consistent with the structural data in the phase diagram in Previous interpretations of the thermal history dependence
Fig. 1, where the sides of the miscibility gap first begin toof the superconducting properties invariably implicitly as-
deviate from the vertical above 150 K. Our result is also sumed that they were related to the phase separation process.
consistent with the high precision resistivity data of RyderHowever, in Fig. 3, we demonstrated that a suppressidn of
et al.® which first exhibit resolved hysteresis between slowlyof the pure superconducting=0.065 phase by=2 K occurs
cooled and heated samples abev&50 K, and with the de- upon quenching compared to slowly cooling, even though
tailed studies of Kremer and co-workers £0.023°°**in  this is a single phase to 10 K. This thermal history depen-
which the first increase in the apparent superconducting voldence is presumably associated with variations in the nature
ume fraction of quenched samples occurred abe®®0 K.  and degree of crystallographic ordering of the excess oxygen

From Fig. 7, the normalized phase-separation rate inatoms, as reflected by the occurrence of superstructure re-
creases monotonically with increasifigrom 150 to 220 K.  flections in neutron-diffractioff and transmission-electron
From our modeling of these data in Fig. 9 using EG¥)  microscopy>®*measurements. Consistent with this scenario,
and (13), we confirmed that the diffusion constant for the the pressure dependenceTf for the 8, phase depends on
diffusing species giving rise to the phase separation increasgise temperature at which the pressure is chatgdtus, a
with T, and obtained a nearly temperature-independent difsignificant fraction of the reduction i, of phase-separated
fusion coefficient activation energ¥,=(0.24-0.03 eV  La,CuQ,, ; samples due to quenching appears to arise from
from 150 to 220 K, with the exception of a possible anomalybehavior intrinsic to the puré, phase.
near 210 K. We conclude that the same spe@e&sess oxy- Several workers have found that following a quentp,
gen atomgis responsible for phase separation and its influfor §~0.03 shows a maximum for annealing temperatures
ence on the physical properties throughout thimnge. This T, around 200 K*15184243yhich is significantly below
conclusion is in agreement with that of Ref. 9, but is inthe phase-separation temperatligg(see Fig. 1 Again, this
contrast to a previous suggestisee Introductionthat dif-  behavior may be in part associated with thermal history-
fusion of ferronswithoutconcurrent oxygen diffusion occurs dependent oxygen ordering effects within thephase. An
below ~200 K in initially quenched samples with additional factor may be the spatial variation in the excess
5<0.0239-4 oxygen content in phase-separated samples. The above

In %a and %Cu NMR/NQR studies of lightly doped analysis indicated that the drift rate of the excess oxygen and
La,CuQy, s, an enhanced nuclear relaxation rate due to mothe rate of phase separation decrease rapidly with decreasing
tion of the excess oxygen is observed only abovB0O T belowT,. On the other hand, the opposing diffusion flux
K.154358-63g5jnce we have concluded that the rate of exces§the first term on the right-hand side of E@®), which was
oxygen diffusion increases continuously above 150 K, theneglected in the above analyktends to restore the system
observation of relaxation in the NMR/NQR measurementgo a uniform oxygen concentration. This diffusion flux would
due to oxygen motion only above 200 K is evidently due tend to make the oxygen concentration within the oxygen-
to the fact that the time scale of oy(t,T) measurements is rich 8, domains inhomogeneous, particularly near the do-
~10° times longer than that of NMR/NQR. To illustrate, the main boundaries, and decrease the domain size. These effects
oxygen-induced®*%.a NQR/NMR relaxation above 200 K of the diffusion flux would decrease with decreasiiigBe-
for samples withd<0.01 has been quantitatively explained low ~150-200 K, however, oxygen diffusion becomes lim-
using a two-dimensional2D) oxygen self-diffusion and ited and the phase-separation process is arrested. The opti-
random-walk model®®! These measurements indicate a 2Dmum T, obtained forT,,~200 K is probably associated
self-diffusion constant which follows the relatidh=(0.067  with both enhanced oxygen ordering in, and optimized size
cm?/s)exp(—5000 KIT).8 On at=1 h time scale, the calcu- and homogeneity of, the oxygen-rich superconductiiig
lated diffusion lengthy/Dt is 60 um at 200 K and 90 A at domains>>¢®
150 K. The value at 150 K is clearly large enough to influ- Our quenching procedures appear to be very similar to
ence the superconducting and magnetic properties evehose by Kremer and co-workers in Refs. 39—41; however,
though the NMR/NQR measurements are not sensitive tour samples show a much smaller influence of the thermal
oxygen diffusion at thisT. treatment on the Meissner effect than those wita0.02

One should bear in mind that many previous studies of thestudied by Kremeet al, suggesting that oxygen diffusion at
thermal history dependence of the physical properties wera givenT is faster in our samples with=0.030 and 0.044
carried out on LgCuQ,, ; samples with8<0.02, whereas than in theirs with6<0.02 (see abovg and/or that flux pin-
most of our data are fo6=0.044. From Fig. 1, the latter ning is weaker for6=0.044. Similar to our results in Fig.
composition has a different ambient temperature structur8(a), the Meissner fraction of high-pressure-oxygenated
than the former one, and may have a different excess oxygdm,CuQ,, s crystals with ~0.03 is relatively large and is
diffusion behavior during phase separation. Consistent witlinsensitive toT ,,, following a quench31842

D. Thermal history dependence of the superconducting
properties of phase-separated LgCuO,, 5
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E. Mechanism for phase separation doped holes, dynamic nanoscopic inhomogeneities in the

Based on 4-J model calculation, chargeless doped holesdoped-hole concentration are still expected from the elec-

. . 3
in a CuQ, plane of the high superconducting transition tem-{'oNic scenario for phase separatfSrindeed, recent®La
perature T,,) cuprates do not have a uniform density. Rather,NQR andx(T) measurements provided evidence for an in-

they are predicted to separate into a hole-rich metallic phasa®mogeneous doped-hole distribution in lightly doped

and a hole-deficient insulating phase below a certain criticat-xSKCUQ; (x<0.08, where the doped holes were con-
doping concentration, thereby minimizing the antiferromag-cluded to segregate into walls separating weakly coupled
hole-poor AF domains; the domain site~-10-100 A was

netic (AF) bond-breaking enerdi/:®8 For macroscopic phase
(AF) d & PI® P inferred to decrease with increasirg®®""*~"*Similar con-

separation to occur and not to be frustrated by the long-range =" ialsh?
Coulomb interaction between the doped holes, the doparffuSions have been made for tRBa,Cu;0; s materials.

ions must phase separate along with the doped holes in Ordgpes_e ok_Jservations provide_indirect support for an _elec_tronic
to compensate the holes’ chat‘?j’d?rom Fig. 6, we inferred contribution to the mechanism for phase separation in the
that T,>Ty in La,CuOy 044 as was also found from NMR La,CuQy, s system. Experimental studies of the thermal his-

and neutron-diffraction results on high-pressure-oxygenatefP”y dependence of the physical properties such as the
La,CuOy, ;single crystald>#€ This inequality is further con- present work and the works cited above are now sufficiently

firmed by the large difference between the maximumdetailed to warrant quantitative theoretical predictions of
T, ~415 K (Ref. 30 and maximuniT=325-328 K(Refs. these propertigs for the variqus_mechani_sms proposed for
6, 31, 32, and 47reported for the LgCUO,., ; system. The ph_a_se separation. Such quantitative study is necessary to de-
apparent observation tha,<Ty (Refs. 8 and 1pfor some fm_mve!y establish Whet'her the p_hase separation is driven
samples with compositions apparently just to the right of théPfimarily by an electronic or elastic mechanism.

left miscibility gap boundary(see Fig. 1 is the exception
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