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The oxygen conteng, of tetragonal, Ca-doped L&Ba, sCu;0, (La336 superconductors can be increased
to values significantly greater than 7.0 by annealing in high-pressuse Edr instance, for
La; 1Ba; Ca ,Cu0,, z=7.25 after heating at 400 °C in 350 bars. Ohis contrasts with the behavior of
YBa,Cu;0,, which decomposes on attempting to increasgreater than 7.0. The critical temperatufg,,
passes through a maximum of 79 K at an average Cu valence of 2.3—-2.4 and decreases to as low as 35 K in
the overdoped region of higher Cu valen@g.data for a range of Ca-doped compositions fall approximately
on a single dome-shaped master plot. The crystal structure of ,l:8Ba:Cu;0, shows a complex-site
distribution; in the as-prepared sample, Ca substitutes onto La sites with displacement of La onto Ba sites.
After high-pressure treatment, however, Ca substitutes onto Ba sites and La sites are fully occupied by La. The
change inA-site distribution appears not to correlate with the maximurin nor to influence the value of
T.. This behavior of Ca-doped materials is different from that of $8& CuO,, which cannot be made
superconducting even though its nominal Cu valence can be increased sufficiently, and Mu&Bawhich
has a significantly higher maximurfi, of 94 K and shows an orthorhombic to tetragonal transition with
decreasing. [S0163-182807)06518-1

INTRODUCTION known; forz=7, the average Cu valence is calculated to be
2.17, well short of the value of2.33 often regarded as the
The structure and properties of YBCO or 123, optimum for superconductivity in YBCO-type materials.
YBa,CuO, are well known; it has an oxygen-deficient However, a range of oxygen contents, som@, have been
triple-perovskite structure, with an oxygen contentyvari-  claimed for La336 but no superconductivity has ever been
able between 6 and 7. At an oxygen content of 7, it is orthodetected.
rhombic and Superconducting, with a critical temperature, To increase the average Cu valence in a 123 or 336 struc-
T., of 93 K. As oxygen is removed, decreases and the tyre, it is clearly necessary to introduce holes. This can be
structure changes from orthorhombic. to tetragonalzat jchieved either by increasing the oxygen content or by dop-
~6.5; at oxygen contents close to this value, YBCO bejng with a lower valent cation. In our earlier studies on

comes semiconducting. Although, in principle, the YBCO| 5336 Ca and Sr were chosen as feasible substitutes for
structure contains a large number of oxygen vacancies, Woiyajent La since they are of similar size but dival&rtt In
per formula unit, attempts to increase the oxygen conten&_‘e as-prepared samples, extensive solid solution areas that

grggtgr dg::?)rr]n 70822\/&) I?\r/getlr)]/e blezin ﬁgggccessgjl.l Instea te superconducting form in both systems; to a first approxi-
b 9 P , 2BR0;. mation, T, rises with increasing dopant level, but since the

YBCO is cation stoichiometric in that the cation ratios areoxygen contents also vary, the detailed behavior is more
usually regarded as being fixed. With larger rare e , ’ .
y 1e9 J g ot complex. In these two systems, the highEstwas 78 K for

cations in place of Y, th&®:Ba ratio is variable and there is .. .
a trend towards preferred stabilization of the 336 stoichiom{N€ composition LaBaCa sCUs0; 011, Which corresponds

etry, typified by La {Ba, CW0,, at the expense of the 123 [0 an average Cu valence of 2.3% The distribution of La,

stoichiometry, which is difficult to prepare phase pure forBa and Ca over thé sites was found to be more compli-
R=La, Nd2™° cated than expected; instead of a simple partial substitution

The structure of La336 is perhaps less well known, al-of Ba by Ca, Ca substitutes onto the La sites with concomi-
though it is closely related to that of YBCOLa336 is iso- tant displacement of La onto Ba sites.
structural with tetragonal YBCO; La occupies the central Unlike the case of YBCO, the La336 solid solutions do
A-site position, and Ba, La are disordered over the two othenot decompose readily at high oxygen pressures and we have
A sites. The oxygens are disordered overib@, 030 sites in  recently shown that instead, the oxygen content of one Ca-
the basal plane, giving tetragonal symmetry at all oxygerdoped composition, LaBg Ca ,Cu0,, can be increased
contents. La336 is, however, semiconducting at all values dfo z=7.25 after treatment at 350 bars, @nd 400 °C2 A
z.278The reason for the absence of superconductivity is notlirect consequence of this is that the Cu valence increases
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FIG. 1. (a) Location of phases and solid solutions in the pseudoternary phase didgydmm336 solid solution area, compositional grid
based on the formula L3 ,Ba, 5 x—,C8Cu;0, and possible substitution mechanisms.

well beyond 2.33, the sample becomes overdoped Bnd ture of the doping range and mechanisms possible.
decreases. In general, there is good agreement between the various

Examples of overdoping of YBCO are known, but thesestudies as to the solid solution limits. One exception con-
are not associated with oxygen contemts,7. Thus YBCO cerns the Lal113 composition. In spite of early claims for
itself is regarded as being slightly overdopedat7 and the the existence of a pure phase at this composition, these have
optimum oxygen content is nearer te-6.95% On aliova-  not been substantiated in more recent work and, instead, a
lent substitution of Y by Ca, with compensating hole cre-multiphase assembly forms at this composition.
ation, the T, maximum occurs at lower oxygen contents,
e.g., at 84 K an=6.85 for Y, {Cq ,Ba,Cus0, . In several
respects, therefore, the La336-based materials behave differ-
ently to YBCO. Here, we report a more extensive study of Starting materials were L&; (Aldrich, 99.99%,
their overdoping at high oxygen contents. CaCQ (Aldrich, 99.99%, BaCQ; (Aldrich, 99.9%, and

The La336:Ca solid solutions are located on theCuO (BDH, 99.5%. The LaO; was dried at 1000 °C prior
pseudoternary phase diagram LaGuBaCuQ-CaCuQ, to use, the CuO at 700 °C and the carbonates at 200 °C.
as shown in Fig. £ They have general formula Samples were prepared by solid state reaction of appropriate
La; 5 xBay 51 x—yCaCU0,. With reaction conditions in- quantities of starting materials and reacted at temperatures
volving heating in air at-950 °C, the solid solutions form between 950 °C and 980 °C. Phase identification was carried
for all x andy in the ranges €x,y<0.5, apart from those in out using a Hagg Guinier camera with &, radiation.
the corner close to the Lal23 stoichiometry witkk 0.5,y ~ Oxygen contents were determined by reduction in 10%
=0. Lal23 can, by contrast, be prepared by reaction in lowH,/N, on a Stanton Redcroft STA1500 simultaneous TG-
partial pressures of £ although under these conditions, DTA instrument, as described in Ref. 11. The average cop-
the La336:Ca solid solutions are not stable. per valence is determined from the relation: average Cu

Numerous other studies on Ca-doped Lal123-La336 materalence= 1/3(2Q —z) whereQ is the total charge on tha
rials have been reported. With the exception of one study isites (La s-«Bay 5.x—yCa) andz is the oxygen content. ac
which a solid solution area was identified but not fully susceptibility measurements were carried out on powder
characterized® these studies have generally focused on spesamples using a Lakeshore AC7000 susceptomefer:
cific substitution mechanisms. Although not explicitly =666 Hz; H=2 A m~L. Data for accurate unit cell determi-
treated as such, these mechanisms can be rationalized angtion were collected on a Stoe Stadi/P diffractometer in
represented in terms of the phase diagram, as shown in Figansmission mode using a small linear position sensitive de-
1(b). Some of these studies started from La336; thus, directector of resolution 0.02° € with Cu Ka; radiation (\
tion 1 considers compositions on the line between La336 anek 1.540 56 A, Ge monochromaborUnit cells were refined
CaCuQ, in which the most likely solid solution mechanism using the Stoe lattice refinement package, LATREF.
would be La+Ba=2Ca!®*® Direction 2 starts with the sto-  Samples were annealed under high pressures of oxygen at
ichiometry La347(i.e., x=0.43, y=0) to which the partial 400 °C using a Morris Research Inc. high oxygen pressure
substitution Ba=Ca is madé? Direction 2 is parallel to di-  furnace, Model No. HPS5015E7. Pellets were prepared,
rection 2 but starts with the composition La57liz., x  wrapped in gold foil, and placed in an alumina boat; starting
=0.50,y=0).2°-?" Direction 3 commences with the compo- pressures of 25—200 bars were employed, giving pressures at
sition La3216(i.e., x=0, y=0.5 and involves the partial 400 °C of 50—400 bars. At the end of each run, samples were
substitution La=Ba.?® Direction 4 commences with La336 cooled slowly to ambient temperature whilst still under pres-
and involves the partial substitution £&€a.l’ Each of these sure, removed and analyzed using a range of techniques.
substitutions is perfectly valid but gives only a limited pic-  For neutron diffraction, 5—10 g samples were prepared as
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above. Samples were placed in cylindrical V cans and data TABLE I. Oxygen contents and . values for high-pressure-
collected on the POLARIS diffractometer at the UK Spalla-annealed samples.

tion neutron source, ISIS at Rutherford Appleton Laboratory:

The crystal structures were refined by the Rietveld method Oxygen Average
using the program TF14L%8*°using data collected over the X=Y Sample T (K)  content  Cu valence
time-of-flight range 2000—1950fs using the highest reso- g Air 40 6.790 2193
lution, backscattering detectors. Scattering lengths werg ¢ Oxygen 78 7011 2341
taken from Sears: . 0.5 50 bars 76 7.079 2.386
The homogeneity of the high-pressure-annealed sampl 5 75 bars 79 7112 2 408
was checked by electron probe microanaly&BMA) using 125 bars 56 7'160 2'440
a Cameca SX51 EPMA. Transmission electron microscopy" ' '
(TEM) and selected area electron diffracti®AED) were 0.4 Air 34 6.76 2.14
performed on a JEOL TEMSCAN instrument. 0.4 Oxygen 70 6.97 2.28
0.4 25 bars 79 7.06 2.34
0.4 75 bars 77 7.11 2.373
Ten samples were prepared with compositions, given by 4 100 bars 76 7.123 2.382
the general formula L «Bay 5. x-,Ca,C0,, inthe range o4 125 bars 70 7.17 2.413
0=x=<0.5, 0<y=<0.5, Table |, as described previously 4 175 bars 35 795 2 467
and confirmed to be phase pure by x-ray powder diffraction,
in agreement with the phase diagramhe samples fall into  0-3 Air 27 6.72 2.08
two groups, those with the nominal replacementiCa, i.e., 0.3 Oxygen 60 6.93 2.22
with x=Yy in the general formula, and those with the replace-0.3 75 bars 75.2 7.06 2.307
ment Ba=Ca, i.e., withx=0 and varyingy. These samples Air 20 6.70 203
were then divided into several portions and heated in a ran Oxygen 45 6.92 218
of oxygen pressures at 400 °C. All samples were subsed'2 75 brs 52 6.94 2'193
guently analyzed by thermogravimetfto obtainz, using ' ' '
methods described in Ref),9ac susceptometrito obtain 0.1 Air 6.688 1.992
T.) and x-ray powder diffraction(to check phase purity 0.1 Oxygen 25 6.903 2.135
Results are summarized in Table I. Some samples were ad-1 75 bars 40 6.943 2.162
ditionally examined by EPMAto confirm phase purity and .1 125 bars 51 6.082 2.188
perform elemental analygiSTEM (to confirm unit cell sym- .
metry and look for the possible presence of supercell forma?-0 Air 6.657 1.938
tion), and x-ray and neutron powder diffracti¢for lattice 0.0 Oxygen 6.884 2.090
parameters and Rietveld refinemerResults for the latter 0.0 75 bars 7.021 2.180
are given in Table II. 0.0 125 bars 7.078 2.220
f The oxygen content as a funct(ijofn of annealingb pressurg o o1 Air 11 6.888 2092
or one compositionx=y=0.4, and for pressures between . ." i i
0.21 and 350 bar Qis shown in Fig. 2. These data are 8'8’ 8'1 (7)5)({3%52 ;2 2’2;22 2211(;1
typical of all compositions studied in thatincreases with 0'0’ 0'1 125 bars 35 6.964 2'143
pressure, without any indication of reaching a pressure-""" ™ ' '
independent limit; see Table I. The data are approximately.o, 0.2 Air 16 6.897 2.098
linear over the range 1-350 bars.GNe have not studied 0.0,0.2  Oxygen 25 6.918 2.112
oxygen contents at subambient pressures but note that thyp, 0.2 75 bars 32 6.957 2.138
oxygen contents in 1 bar air and, @iffer significantly. Itis 0.0, 0.2 125 bars 42 7.002 2.168
possible, therefore, that a second regime of pressure depen- _
dence occurs for pressures below about 1 bar\®@e note 0.0, 0.4 Air 25 6.764 2.009
also that the region 1-50 bars corresponds to a crystalld.0, 0.4 Oxygen 40 6.969 2.146
graphic change in thA-site distribution(see laterand to a 0.0, 0.4 75 bars 55 7.050 2.200
discontinuity in lattice parametef§ig. 7; see laterFurther  0.0,0.4 125 bars 62 7.082 2221
work is required to establish whether two regions of pressurg ¢ Air 30 6.801 2034
dependence do, in fact, occur and whether these are linked H)O’ 05 Oxygen 50 6.981 2154
different A-site arrangements. 0'0’ 0'5 75 bars 67 7' 126 2'251
For the same composition and samplds, is plotted Olo’ 0'5 125 bars 74 7'195 2'297

againstz in Fig. 3. The plot clearly passes through a maxi-
mum atz~7.05, corresponding to an average Cu valence of
2.33. It is notable that for this compositiox=y=0.4, T, is  lyzed similarly; see Table I; all the data are collected onto a
not optimized in samples annealed under 1 bar oxygen; omaster diagram in Fig. 4, apart from those for the undoped
high-pressure annealing first increases to a maximum of compositionx=y=0, which was found to be semiconduct-
79 K, then falls as low as 35 K upon annealing at 350 barsing under all conditions and whose behavior is totally
Data for the other nine compositions studied were anaanomalous in comparison with that of the doped samples.
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TABLE Il. Refined structural parameters for LaBfa, sCu;O, from neutron diffraction datdin the final refinement, the Ba/Ca and La
site occupancies were fixed as 0.75:0.25 and 1.00, respectively, as in the text. These occupancies were deduced from earlier refinements ir
which the isotropic temperature factors, ITF, were held constant and the site occupancies refined. In all cases, there was no evidence for Ca
occupying the La site and the Ba:Ca ratio refined to within 2 e.s.d’s of 0.75(@2&re one e.s.e=*+0.01).]

Sample HPO25 HPO50 HPO100 HPO150 HPO200 Pretreated
Pressureban 50 100 200 300 400 Ambient

Oxygen content 7.10 7.12 7.14 7.16 7.18 122

aA) 3.880983) 3.8802%2) 3.880013) 3.878982) 3.878732) 3.8848%2) a A

c (A) 11.7104711) 11.7037713) 11.7034%12) 11.7031912) 11.6981%9) 11.740019) cA)
Ba/Caz 0.18311) 0.18311) 0.18281) 0.18281) 0.18271) 0.18981) Ba/Caz
Cu?2) z 0.348818) 0.348719) 0.348668) 0.348569) 0.3485%8) 0.351688) Cu2) z
02 z 0.364788) 0.364748) 0.364689) 0.364648) 0.364548) 0.365099) 0(2) z
0@3) z 0.15732) 0.15732) 0.15712) 0.15712) 0.15712) 0.15382) 0(3) z
La ITF 0.582) 0.592) 0.602) 0.622) 0.622) 0.532) La ITF
Ba/Ca ITF 0.622) 0.632) 0.622) 0.632) 0.61(2) 0.832) Ba/Ca ITF
Cu(l) ITF 1.002) 1.003) 1.042) 1.003) 1.002) 1.21(2) Cu(1) ITF
Cu2) ITF 0.271) 0.271) 0.281) 0.281) 0.2891) 0.301) Cu2 ITF
Cu(1)-0(1) 1.9405 1.9401 1.9400 1.9395 1.9394 1.9424 (150(1)
Cu(1)-0(3) 1.8421 1.8410 1.8386 1.8386 1.8378 1.8056 (1-0(3)
Cu(2)-0(2) 1.9495 1.9492 1.9490 1.9486 1.9484 1.9488 (Z20(2)
Cu(2)-0(3) 2.2427 2.2402 2.2419 2.2407 2.2396 2.3231 (2B0(3)

The data in Fig. 4 demonstrate a universal pattern of behabe tetragonal after heating at ambient pressure; the present
ior for the Ca-doped compositions of this series, independenesults show that high-pressure treatment has no noticeable
of cation stoichiometry and with average Cu valence, givereffect on the basic structure.
by the oxygen content, as the main variable; the data pass The variation of unit cell parametera,and c, with an-
through a maximum at ca. 79 K for a Cu valence betweemealing pressure for a range of compositionsand y is
2.3 and 2.4 and drop sharply in the region of overdopingshown in Fig. 7a); a is largely insensitive to pressure and
Although all T. data fall onto a single master curve, thg  oxygen content but decreases significantly, especially at
maximum occurs at different oxygen contents for differentlower pressures. This decrease is smallest for the undoped
values ofx. This is because, with decreasing valueg,ofhe = 336 compositiorx=y=0. The variation of cell parameters
average Cu valence decreases for a given oxygen contentith oxygen content is shown for one compositiotsy
HenceT.(max) occurs at increasing valuesofor decreas- =0.4 in Fig. 1b); all other Ca-doped compositions behaved
ing values ofx. similarly. The variation with oxygen content is markedly
Electron diffraction patterns for the composition=y nonlinear. Relatively small changes are seen for oxygen con-
=0.5,z=7.20 are shown in Fig. 5; reflections form a square
lattice, consistent with the expected tetragonal symmetry and

show no evidence of supercell formation. A lattice image is Cu valence
shown in Fig. 6 anc_j clgarly ind?cates thg periodicity 292 23 24 25
(~12 A) along thec axis, with no evidence of intergrowths. s0F ' ' '
Previously, we had shown the Ca-doped La336 materials to
X
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FIG. 2. Oxygen content of compositior=y=0.4 as a function FIG. 3. Critical temperature as a function of oxygen content and

of oxygen pressure. average Cu valence for=y=0.4. Same data as for Fig. 2.
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tural changes other than simple intercalation of oxygen into
the basal sites may cause the anomalous decrease in the unit
cell parameters.

The exception to the above pattern of behavior is shown
by the undoped composition=y=0.0, La sBa sCu;0,, in
which the lattice parameters show a simple smooth change
with annealing pressure and hence with oxygen content; see
Fig. 7(c). For this composition, it would seem that the addi-
tion of oxygen, causing the oxidation of Cu and concomitant
decrease in the unit cell dimensions, is the only change that
occurs on high-pressure annealing and that there are no ad-
ditional structural changes at intermediate oxygen contents.

In order to investigate possible structural changes, high-
pressure-annealed samples of compositieny=0.5, to-
gether with samples prepared at ambient pressure were stud-
ied by neutron diffraction. In all cases, both La and Ca were
placed on both sets ofA sites initially, to give
(Lag 75Cay 29 (Bay slap »:Ca 29Ce0O,, and the cation site

FIG. 4. Master plot ofT, vs average Cu valence for all Ca- occupancies were refined within the overall constraint that
doped samples together with linear dependence observed #he cation stoichiometry was fixed at the nominal value of

quenched samples.

LaBa sCa s The unit cell dimensions obtained from the re-
finements are shown in Fig. 8, for samples annealed at both

tents below about 7. Between 7 and 7.05, a rapid decreasambient(open circleg and high pressuresolid squaresof
occurs, especially irt; at higher oxygen contents the cell oxygen. Again, there is a marked discontinuity in the size of
parameters again decrease more gradually. A smooth varihe unit cell dimensions between the samples treated at high

tion of the unit cell parameters with oxygen content might beand ambient pressures, similar to that shown in Fig. 7 for the
expected,; it is likely, therefore, that some additional strucx-ray diffraction analyses.

FIG. 5. Electron diffraction patterhkO sec-
tion of the reciprocal lattice for compositiox
=y=0.4 after heating at 350 bars,O
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FIG. 6. Electron diffraction patternO1 sec-
tion and corresponding lattice image for the same
sample as in Fig. 5.
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of Ca-doped samplegb) As in (a), lattice parameters vs oxygen content for compositietry =0.5 (LaBg sCa, :Cu;0,); x-ray diffraction
analysis.(c) As in (a), lattice parameters vs oxygen content for composikiery=0.0 (La sBa; sCu;0;).
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FIG. 9. Lattice parameters obtained as a function of temperature
for compositionx=y= 0.5 after high-pressure oxygenation; sample
heated under vacuum.

refLZ%gﬁ?o'lr']azllf |Fce(lezgigﬁl?;oomilnse(a?sfrgg :Eg ;:ﬁ:;id To test the stability of the high-pressure form of the La-
' - ) BCCo structure, a sample prepared under 350 bars of oxy-
annealed at ambient pressure, Ca was found to occupy the a oy _ o
site with concomitant displacement of La onto the Ba site t(lyq n, x=y 05, 2=7.18, was heated to 650°C under
give the formula vacuum in a fl_Jrnacg at the Ruthen_‘ord. Appleton Lgboratory
and neutron diffraction data collect@usitu as a function of
temperature. Data sets were collected at 50 °C intervals and
(L20.6C2 5)(Bay o8 5 CUSO, - the structure refined as before. Results are summarized in
This is in agreement with our earlier results obtained fromTable lll. Lattice parameters as a function of temperature are
x-ray powder diffraction dati In the high-pressure- ShowninFig.9. Superposed on a gradual increasesindc,
annealed samples, however, Ca was found to occupy the BRere is a discontinuity at 300-350 °C. The lattice param-
site, to give the formula eters, however, are likely to be affected by oxygen content as
well as temperature and both vary during this experiment.
Oxygen contents, obtained from Rietveld refinement of the
high temperature data are shown as a function of temperature
This structural change appears to correlate with thén Fig. 10. They are approximately constant to 300 °C, un-
anomaly in the unit cell parameters at7.00—7.05; see dergo a rapid decrease at 300—350 °C followed by a more

FIG. 8. As in Fig. Ta), lattice parameters vs oxygen content for
compositionx=y=0.5; neutron diffraction analysis.

(La)(Bay sCa 5)CUs0, .

Figs. 7 and 8. gradual, approximately linear decrease up to the highest tem-
TABLE lIl. Refined parameters as a function of temperatupender vacuurn for high-pressure-annealed samples of

LaBa; sCay sCUs0; -

T/°C 200 250 300 350 400 450 500 550 600 650

a A 3.881223) 3.882813) 3.885083) 3.897223) 3.8997%3) 3.902884) 3.906684) 3.910034) 3.914994) 3.918384)

c (R) 11.70941) 11.717@1) 11.72741) 11.78581) 11.80571) 11.81361) 11.83841) 11.86371) 11.885%1) 11.90131)

Ba/Caz 0.18322) 0.18342) 0.184@2) 0.18692) 0.18772) 0.18822) 0.18982) 0.19052) 0.19162) 0.19212)

Cu2z 0.34881) 0.349Q1) 0.34931) 0.35061) 0.351Q1) 0.35121) 0.35181) 0.35221) 0.35271) 0.353Q1)

02z 0.36461) 0.36461) 0.36471) 0.36511) 0.36521) 0.36531) 0.36541) 0.36581) 0.36571) 0.36581)

03z 0.15682) 0.15682) 0.15642) 0.15482) 0.15432) 0.154@2) 0.15342) 0.153@2) 0.15252) 0.15222)

01 SITE 0.571) 0.561) 0.541) 0.431) 0.401) 0.391) 0.341) 0.301) 0.261) 0.231)

Oxygen 7.14 7.12 7.08 6.86 6.80 6.76 6.68 6.60 6.52 6.46

La ITF 0.842) 0.922) 1.002) 1.092) 1.21(2) 1.31(3) 1.303) 1.4403) 1.51(3) 1.593)

Ba/Ca ITF  0.88) 0.903) 0.973) 1.073) 1.2403) 1.324) 1.364) 1.424) 1.504) 1.574)

Cul ITF 1.223) 1.183) 1.363) 1.453) 1.704) 1.894) 2.034) 2.24(4) 2.465) 2.61(5)

Cu2 ITF 0.471) 0.531) 0.592) 0.642) 0.682) 0.742) 0.762) 0.81(2) 0.862) 0.892)
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cluded, therefore, that the data shown in Fig. 11 are largely
uninfluenced by thermal expansion effects.

The Rietveld refinement results showed that the occu-
pancy of theA sites was essentially unchanged on heating,
i.e., that Ca partially occupied the Ba sites. Thus, for this
composition at least, it is possible to prepare materials with a
range of oxygen contents but with differeftsite distribu-
tions: in the high-pressure treated sample and after heating
subsequently, in vacuum, at temperatures up to 650 °C, Ca
occupies the Ba sites whereas in the originally prepared
sample which was not subjected to high-pressure oxygen-

ation, the alternativé site distribution(Cg ,+Lag,, i.€., Ca
occupies the La sites and La occupies the Ba kitess
found.

From the Rietveld refinement results, Table Ill, bond
FIG. 10. Oxygen content vs temperature for the sample and datian th data involving Cu wer stracted and ar lotted
used in Fig. 9. The variation in oxygen content was achieved bye 9 ata olving LU were extracted and are plotte

heating the sample under vacuum and was determined from si@dainst oxygen content in Fig. 12. In all cases, the Cu-O and

occupancies obtained by Rietveld refinement of the high temperaCu'Cu bor_]ds show _a linear variation with Again, the data
ture neutron diffraction data. were obtained at different temperatures, but the effects of
thermal expansion are negligible in comparison with the ef-

fect of varying oxygen content,

perature studied, 650 °C. The loss of oxygen below 350 °C For other compositions within the solid solution area, it
Corresponds to that gained during the high_pressurehas not yet been pOSSible to use neutron diffraction to inves-
annealing treatment. tigate the cation distributions. Figure 7 shows the variation
The results of Figs. 9 and 10 are combined in Fig. 11 tc°f lattice parameters as determined by x-ray diffraction with
give lattice parameters as a function of oxygen content. DatBNhealing pressurea), and for one composition, with oxy-
are essentially linear for botaandc; the unit cell contracts gen content(b); the lattice parameters of all compositions,
as oxygen is intercalated into the structure, consistent wit@part fromx=y=0. showed a marked drop upon annealing
the increased average oxidation state of Cu leading to strostnder pressure. It is implied, therefore, that the structural
ger, shorter Cu-O bonds. It should be remembered that thehanges found in LaBaCa sCu;0, (x=y=0.5) on high
data shown in Fig. 11 also have temperature as a variabl@'essure treatment are also responsible for a similar anoma-
since the crystal structure presumably expands with temperdous change in lattice parameters of the other doped compo-
ture, any expansion effects are superposed on the variatigitions. The behavior of the undoped compositeny =0 is
with oxygen content. Nevertheless, assuming a typical exdifferent; it shows little sign of any anomaly in lattice pa-
pansion coefficient of X 10_5 °C_1’ the Changes shown in rameters, Flg (b) No transition inA-site distribution is an-

F|g 11 are three orders of magnitude |arger_ It can be conﬂCipatEd, therefore, consistent with the fact that this compo-
sition contains no G4 ions.

Temperature/°C

DISCUSSION

The results obtained by high-pressure annealing show that
the oxygen content of La336:Ca solid solutions can be in-
creased by treatment at low temperatu@s0 °Q; the maxi-
mum achieved was 7.25 using a pressure of 350 bars. The
graph of oxygen content versus pressure did not reach a pla-
teau, indicating that higher values of oxygen content could
be achieved under higher pressures; there is no indication of

392 any decomposition at high oxygen pressures, such as occurs
3.91¢ with Y123. In theory, because the 123-336 type structure is
—~ 390} an oxygen-deficient triple perovskite, it should be possible to
< increase the oxygen content to 9.
® 389} By increasing the oxygen content of the La336:Ca solid

3.88¢

3.87

6.4 6.6

6.8

Oxygen content

7.0

7.2

solutions, the overdoped region of the system has been ac-
cessed; the maximum if; is clearly shown. Similar behav-

ior is well known for systems such as4.gBaCuQ, and the
BiSCCOQO'’s; it has not been demonstrated clearly before in
these structures although it has been suggested as a possibil-
ity for La12332 In Y123, overdoping was achieved only by
aliovalent dopinge.g., C&" substituting for ¥*) (see, e.g.,

FIG. 11. Lattice parameters vs oxygen content; data obtainefRefs. 13, 33, and 34it has not been possible to overdope

from Figs. 9 and 10.

Y123 by increasing the oxygen content.
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a distinct composition and merits further study as to why it
Z 4207 does not exhibit superconductivity. David al. suggest that
5 due to oxygen localizations in samples with oxygen contents
‘8’ 415} greater than 7, superconductivity in 336 is possible only for
; oxygen stoichiometries less thar? Bur studies confirm that
§ 410l no superconductivity is observed in 336 samples with oxy-
o gen contents higher than 7, but also have shown no evidence
of superconductivity aba 4 K for samples with oxygen
355 contents lower than 7.

‘ The A-site cation arrangement of high-pressure-annealed
< samples differs from that of the as-prepared samples, and is
S 353} : kinetically stable in this arrangement up to at least 650 °C. In
3 the related systems YB@u,Og (124 and Y,Ba,Cu;,0O;5
N (247), there has been much controversy in the literature as to
g 351 . the substitution mechanism when the dopant ion is Ca.
& ca" is of similar size to ¥, but the same valence as

3.49 » - s Ba®" and so may, in theory, substitute to some degree on
either site. The most recent neutron diffraction res(dts.,
< 240 Refs. 36—39 indicate that Ca substitutes on the Y sites of
» 235 Y-124 prepared at high pressure. Buckleyal. prepared
Q@ 230 samples both at high pressure and at ambieand for both
g 225 these conditions Ca was shown to substitute at both sites.
O 220 Zhang, however, demonstrated that Ca substitution closely
= mimics the effect of external pressuffeand that Ca must
< substitute on Ba sites; NQRuclear quadropole resonance
& 1.9 and EELS results largely suport this deducttérf® Similar
© ambiguities exist over the substitution of Ca into
g o5 Y,Ba,Cu,0,5.34%44  Here, for the composition
3 LaBa, :Ca :Cuz;0,, we have demonstrated that Ca can sub-
stitute for either La or Ba, depending on the preparation con-
z ditions. It is possible that differing preparative conditions
= 1.96 could be responsible for the differing results in the Y-124
S 1.95 and 247 systems.
~ The existence of a single master curveTgfvs average
S 194 Cu valence, Fig. 4, similar to that observed with other cu-
© prate system& implies that hole concentration is the key
184 parameter controllindg; for a given structure. In the under-
< . doped region of Fig. 4, however, the data show some scatter
s 183 which indicates that additional factors influeng. In a
S 182 . series of papefS2’ concerning materials in direction’,2
S 481l ¢ Fig. 1, for which the overall A-site cation charge
3 (La+Ba+Ca) is constant at 7.2%), Goldschmidtet al.
1-3%,4 66 68 70 72 have shown that a range ®f values is possible at constant

oxygen content. They interpret this as arising from variable
degrees of internal charge transfer between the two types of
Cu sites in the crystal structure. Additional evidence for the

FIG. 12. Selected bond lengths vs oxygen content for CornpOsipossibi_lity of internal charge transfer, although_not explicitly
tion x=y=0.5. recognized as such, comes from the observation of “double

plateau” behavior in the plot oT ; vs oxygen content of a
La123:Ca solid solution compositior=y=0.5:6 materials

The curve of critical temperature vs Cu valence appearsnat were cooled rapidly showed a linear dependencg,of
to be universal for doped samples in theon oxygen content, whereas slowly cooled samples showed
Lay 5 «Bay 5.x—,CaCu0, system, see Fig. 4. The “336” somewhat highel-, values and a double plateau dependence
phase does not, however, fit the general trend. Despite agn oxygen content.
earlier report of ar. of 15 K;*° it appears to be well estab- The data shown in Fig. 4 are for samples that had been
lished that LagsBa; sCu0, is semiconducting. One reason cooled to ambient over a period of several hours after high-
suggested was that the Cu valence is too low for supercorpressure oxygenation at 400 °C. These are compared with
ductivity. However, if we were to regard thiE, vs Cu va-  those that were quenched to ambient after annealing at 1 bar
lence curve as universal for the La,Ba; 5,4 ,CaCus0, in Fig. 4; data on materials quenched after high-pressure
system, then LaBa Cu;0; g (Cu valence=2.22) should oxygenation are not available. This clearly shows that the
have a critical temperature of around 55 K. This was clearlyslowly cooled samples have a high€, by up to 25 K
not the case. Samples doped wi#10% Ca for Ba do fol- depending on oxygen content, than the rapidly quenched
low the master-curve behavior. LeBa, {Cus0, is, therefore, samples. Hence the master curveTaf vs oxygen content

Oxygen content
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applies strictly to samples prepared under similar conditionsattributed to varying degrees of internal charge transfer
If the conditions vary, such as using different cooling rateswhich effectively allows the hole concentration to vary with-

then departures from the master curve behavior occur. out any change in overall composition. For a given compo-

sition, the degree of internal charge transfer may vary sys-

CONCLUSIONS tematically with temperature and hence, the cooling rate after

] . synthesis is an important variable in controlling the hole con-
The oxygen content of La336:Ca solid solutions can be&entration andr. .

increased by high-pressure oxygenation, the samples become
overdoped andr. decreases. This behavior contrasts with
that of Y 123 which decomposes at high oxygen pressures.
The T, data for a wide range of cation contents fall on a
master curve off; vs average Cu valence, thus showing that We thank EPSRC for financial support and for the provi-
hole concentration is the main factor that contrdls for  sion of neutron beam time, Dr. A. Coats for EPMA analyses,
materials in this structural family. In the underdoped region,and Dr. Colin Greaves for helpful discussions on substituted
there is some scatter in the experimerfigldata and this is YBCO's.
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