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Tetragonal superconducting family (Ca„Lat „)(Bat75 —„Lao»+„)Cu3oy.
The effect of cosubstitution on the transition temperature
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We have prepared a family (Ca La& )(Ba& 75 Lao z5+ )Cu30~ within the 1:2:3 high-temperature-
superconductor system in which Ca occupies solely the Y site while La partly occupies the Y site and
partly the Ba site. This family is characterized by constant charge (7.25) of the noncopper cations via
compensating substitutions. It is tetragonal throughout the single-phase-existence range 0.0 x 0.5.
Attempts to prepare CaLaBaCu307 were unsuccessful yielding the x =0.5 member as a major phase and
impurity phases. We have determined atomic positions and occupancies by Rietveld refinement of x-ray
powder-diffraction data, and oxygen stoichiometry by iodometric titration. A double-plateau behavior in
transition temperature (T, ) vs cation concentration (x), very similar to the T, vs 6 variation in
YBa2Cu307 z, has been observed. Albeit, oxygen stoichiometry is almost constant (i.e., y =-7. 1) between
both plateaus in the present family. Besides, the transition width decreases with increasing x. We have
examined several known models that attempt to correlate T, with chemical and structural parameters,
including models that deal with ordinary charge transfer, bond-valence sums, interlayer distance, and
oxygen-ordered domains. We propose that in materials in which compensating substitution takes place,
additional charge transfer is responsible for the increase in hole concentration in the planes, yielding in-
crease in T, with increasing x. Specifically, besides ordinary electron transfer from planes to "chains" at
x =0, there exists (at x )0) an additional electron transfer from the planes to the Ca. At the same time,
electron transfer from the La (on Ba site) to the planes does not fully compensate for the transfer to the
Ca since some of the electrons go from the La to the "chains. " The La (on Ba site) is believed to play an
important role in charge transfer, structure determination, and band-structure changes through its ten-
dency to attract oxygen to the plane of the chains.

I. INTRODUCTION

Many materials of the 1:2:3 system have the ortho-
rhombic structure. Until the discovery of tetragonal
high-temperature superconductors (HTSC), many investi-
gators considered the orthorhombic distortion in the ab
plane to play an important role in superconductivity.
One of the first 1:2:3 tetragonal HTSC materials, having
T, —=80 K, has been claimed to be CaLaBaCu307.
Despite several recent reports on the existence of a phase
with this composition, we have failed to produce it. In-
stead, and starting from a nominal mixing ratio of
Ca:La:Ba= 1:1:1,we have identified (by x-ray powder
diffraction) a tetragonal phase of the 1:2:3 type. Howev-
er, the original 1:1:1mixture contained, besides the above
phase, also Ca2Cu03 as an impurity phase; no impurity
phase containing Ba or La has been identified. A multi-
phase Rietveld refinement of the 1:1:1mixture yielded an
occupancy factor of the ( —,

'
—,
'

—,
'

) site [the Y site in
YBa2Cu307 s (YBCO)] close to 0.5 Ca/0. 5 La (all the
barium being assumed to be located at the barium site).
The refinement showed no substantial amount of Ca on
the Ba site. We therefore concluded that tht„material
with nominal composition CaLaBaCu307 & is a mixture
of predominantly (Cao 5Lao 5)(Bai z5Lao 75)Cu307 s and
Ca2Cu03. In order to substantiate this conclusion we
have prepared a new mixture (i.e., Ca:La:Ba

=0.5:1.25:1.25) according to this composition. This ma-
terial has been identified as a single tetragonal phase with
no measurable amounts of impurity phases, having lattice
parameters identical to those reported for the 1:1:1ma-
terial. We want to emphasize that all impurity lines that
appeared in the original 1:1:1mixture have disappeared
in this preparation (see Fig. 1).

We subsequently encountered a paper by Keller-Berest
et al. ,

' which had apparently passed unnoticed by succes-
sive investigators, making exactly the same claims re-
garding the phase composition, structure, and impurity-
phase content of the 1:1:1mixture. Our results thus pro-
vide an independent check of theirs. We therefore sug-
gest that CaLaBaCu307 does not exist as a single phase
under ordinary preparation conditions, and that con-
clusions drawn on multiphase materials in this family
should be reexamined.

Notably, (Cao 5Lao 5)(Ba, 25Lao 75)Cu307 has Q =7.25,
Q denoting the average formal charge on the noncopper
cations. It occurred to us that, since the 1:1:1mixture
apparently selects this material as the most stable phase,
it could be a representative member of a family with a
varying amount of Ca on the Y site but with constant Q,
that would form easily. On the other hand, LaBa2Cu307
which could be an end member of such a family (i.e., con-
taining no Ca), but with Q=7, does not form easily.
Hence, we have attempted to prepare the family
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FIG. 1. X-ray powder-diffraction spectra of the pure x =0.5
member (Cao,Lao, )(Ba&»Lao 75)Cu30~ and of the multiphase
1:1:1(=Ca:La:Ba)mixture. Presentation of the intensity on a
logarithmic scale emphasizes low-intensity impurity lines. Ten
impurity lines that correspond to Ca&Cu03 (marked by arrows)
appear in the second spectrum but not in the first. Note that
the strongest Ca2Cu03 line coincides with the (112) line of the
1:2:3structure.

II. EXPERIMENT

A. Sample preparation

Ceramic samples with nominal composition
(Ca„La, „)(Ba,75 Lao 25+„)Cu30~ have been prepared
by the solid-state reaction route, with x varying in the
range 0.0—1.0. Stoichiometric amounts of CaCO3,
La203, BaCO3, and CuO, all 99.9% pure or better, have
been mixed after predrying at 200'C. La203, known to
form La(OH)3 at room temperature, has been fired at
1100'C for several days, removed hot and weighed before

(Ca„La, )(Ba, 75 „Laoz~+ )Cu30 preserving Q =7.25
throughout its range of existence, i.e., by maintaining a
fixed amount of 1.25 La atoms per formula. Keeping
both Q and y constant, it was hoped that effects due to
charge distribution (rather than to net charge variation)
could be addressed. We have found that this family ex-
ists as single phase in the region 0.0~x ~0.5; that it is
tetragonal throughout its existence range; that y almost
does not vary with x; and that the transition temperature
( T, ) varies from —80 K at x =0.5, to -45 K at x =0.0,
in a manner reminiscent of the double-plateau behavior
of T, vs 6 in YBa2Cu3O7

Another investigation has recently been published
by Mertelj et al. on the more extended
Ca La&+,Ba2,Cu30 family, ' it contained between
0.9 and 1.4 La atoms (including our La composition at
z =0.25) and x =

—,', —,', or 1 Ca atoms per formula unit.
At high Ca concentrations (x =—', and 1), it has been not-
ed by that group that some of the materials contain
Ca2Cu03 and CaCu2O3 impurity phases. Note that their
results for x =—', and 1 yield the same lattice parameters
and atomic occupancy factors, suggesting that the major
phase in both materials is identical. We conclude that
one could not introduce these large amounts of Ca in this
structure. This is in agreement with the upper limit of
Ca occupancy on the Y site (i.e., x =0.5) that has been
obtained in this work and in Ref. 1.

substantial reaction with water occurred. The mixtures
were fired in air at 950'C for 1 —2 days and reground.
The firings and grindings were repeated three times. (We
once also tried firing the x =0.5 compound at 920'C; no
changes in properties have been observed. ) At this stage,
powders were found to be single phase for 0.0~x ~0.5
and to contain impurity phases for 0.5&x ~1.0. After
pelletizing, samples were sintered 60 h at 960 C in Aow-

ing oxygen and cooled at 10'C/h to room temperature in
an attempt to provide fully oxidized samples.

We have tried two techniques for the initial grinding of
raw powders, and found a remarkable difference, both in
terms of oxygen stoichiometry and physical properties.
In the first technique, we utilized thorough hand grinding
with an agate mortar and pestle. This resulted in y -=7.0
and in relatively high resistivity of the low-x samples. In
the second technique, the raw powders were ground by a
machine (Zr02 ball mill). This process has been carried
out under Ar, thereby minimizing exposure to moisture
in air. This resulted in an average increase in oxygen
content by -0. 1 and lower resistivities. Presumably the
smaller particle size produced by machine grinding im-
proves the overall reaction of the raw powders and assists
oxygen incorporation. We consider materials prepared
by machine grinding to represent a better quality of these
materials and, unless otherwise stated, our results are for
samples prepared by machine grinding.

In the bar-pressed samples used for four-probe dc resis-
tivity measurements, we utilized gold-wire implanted
electrodes. The ac susceptibility measurements were per-
formed at 79 Hz and a driving field of the order of —,

' Oe.
Disk-shaped samples were used for magnetic susceptibili-
ty. Several batches with 0.0 ~ x ~ 0.5 were prepared and
the results were fully reproducible. Care was taken to
avoid effects of aging on resistivity and on oxygen
stoichiometry.

B. X-ray difFraction

Powder and pellet samples were characterized by x-ray
powder diffraction (Siemens D-5000 diffractometer,
CuK radiation). For the compounds with 0.0~x ~0.5,
about 40 lines corresponding to the 1:2:3structure were
observed by a step scan (0.02 per 8 sec. step) in the range
6' ~ 20 ~ 150'. All the lines could be indexed in terms of a
tetragonal lattice. We emphasize that no lines remained
unidentified, and that no other lines were observed, i.e.,
these materials are mostly single phase. Presintered
powders (i.e., after three firings) have also been checked
for possible changes of lattice parameters; the only ob-
servable difference was a systematic increase in the c axis
(by -0.3%), probably due to lower oxygen stoichiometry
(by -0.1). For 0.6&x ~1.0 we obtained besides the
above lines, several additional lines corresponding to im-
purity phases among which we have identified Ca2CuO3
and CaO; their amount increased with x. However, some
impurity lines remained unidentified. Following Keller-
Berest et al. ,

' we caution that these impurity phases,
having smaller diffracted intensity than the main phase
(which retains all the heavy elements), are not readily ob-
servable; thus their relatively small intensity does not im-
ply negligible concentratI ons.



534 D. GOLDSCHMIDT et al.

For the 0.0 ~x ~ 0.5 samples we performed an intensi-
ty analysis of the presintered powder-diffraction spec-
trum by the Rietveld refinement method, using the pro-
gram DBWS-9006. As is well known, this iterative
method requires as input an initial guess of the lattice pa-
rameters, space group, and atomic positions. Using a
nonlinear fitting procedure, it is quite sensitive to the ini-
tial guess and to the number of refined parameters. Con-
vergence to a local minimum could also become a prob-
lem. However, the present structure is isostructural with
tetragonal YBazCu306, i.e., the space group is D 4&

(P4/mmm, No. 123); hence the atomic positions are
known. Thus we have refined the lattice parameters, the
z coordinates, and the occupancy factors (OF), and have
restricted the refinement to three isotropic temperature
factors (corresponding to Ba and La, Cu and Ca, and 0).
All our Rietveld refinements converged, yielding a
discrepancy factor R —=8%. We have tried two different
line-shape functions in the intensity profile fitting, but
this had no significant effect on the results. All Debye-
Waller temperature factors came out essentially non-
negative, providing additional confidence in the pro-
cedure.

C. Iodometric titration

We have made careful iodometric titration under still
Ar according to known double-titration procedures. In
these procedures, two titrations are required for the
determination of the amount of oxygen (y) per formula
unit: The first (titration A in Ref. 4) is required to deter-
mine the total amount of Cu in the sample. The second
(titration 8 in Ref. 4) yields the amount of Cu ions,
provided that other easily reducible ions are not present.
We have checked the reproducibility of this method by
repeated titrations and found that the reproducibility in y
can be better than 0.005 (as determined by 15 separate ti-
trations on a large YBazCu3069 sample). The absolute
accuracy in determination of y relies on the following as-
sumptions.

(1) There exists only one phase. Our samples have been
checked by x ray and found to be pure. In other words,
no impurity lines can be observed under high signal con-
ditions. In an attempt to estimate the sensitivity of our
x-ray results to small amounts of impurity phases, we
have examined mixtures of BaCuOz and YBCO. We
found an upper limit of roughly 6%%uo (molar) of BaCu02.
This is equivalent to an underestimate of y by -0.03
(e.g., one obtains y =6.97 instead of 7.00). However, this
adds only a systematic error provided that the amount of
hypothetical impurity phases does not vary with x.

(2) The material has an exact cation ratio of 1:2:3. Sin-
gle crystals of composition (Cao 4Lao 6)[Ba(La)]2Cu2 90
have been reported. ' If there really were 2.9 rather than
3 Cu ions per formula unit, our assumption would overes-
timate y by -0.1. However, in ceramics (containing un-
detectable amounts of impurity phases and prepared
from the correct 1:2:3nominal composition) it is unlikely
that large deviations in Cu composition (as reported for
crystals grown from the melt) will be observed. There-
fore, we assume an exact 1:2:3composition.

In summary, reproducibility at different x values is es-

timated at Ay=+0. 005, while absolute accuracy corre-
sponds to an uncertainty that is roughly an order of mag-
nitude higher.

III. RESULTS

A. Resistivity and susceptibility

1. Hand-ground samples

The resistivities of the various members of the
(Ca„La, x)(Bai 75 Lao 25+ )Cu30 family, prepared by
the hand-grinding procedure, are shown in Figs. 2(a) and
2(b). The trend, well known from other families, that
correlates improved metallic behavior with higher T„is
clearly observed in this family with increasing x [Fig.
2(a)]. The end member x =0.5 [Fig. 2(a)] has about twice
the resistivity of high-quality ceramic YBa2Cu307. The
latter material is known to have long ordered chains that
possibly make a significant contribution to conductivity.
The difference in resistivities then rejects chain-oxygen
disorder on a length scale that is shorter than the mean
free path, in accordance with the tetragonal structure.
At the other end [x =0.0, x =0.1, Fig. 2(a)] the resistivi-

ty becomes an order of magnitude larger and the temper-
ature dependence at low temperatures becomes inverted
(i.e. , dp/dT(0). This "semiconductorlike" behavior is
typical of reduced YBCO when the carrier density be-
comes low. However, unlike in YBCO, the oxygen
stoichiometry does not decrease substantially at low x
values (see Sec. III C), and the net charge is almost in-

dependent of x. Thus it is not clear what is the origin of
the change in conductivity and in T, .

Notably, the transition width at small currents in-
creases substantially at low-x values [Fig. 2(b); the
broadening is much more pronounced than in reduced
YBCO (Ref. 6)]. This is unexpected since the Ca concen-
tration, that could be a possible source of disorder and
transition broadening, decreases at low-x values. Besides,
for all x values (except x =0.2, 0.5), there is a strong
dependence of transition width on current [Fig. 2(b)];
that is, broadening takes place over the entire transition
range, beginning at the onset, not just at the tail. This
suggests nonuniformity related to the phase at the interi-
or of the grains rather than at grain boundaries, since the
latter usually manifests itself in the development of a tail
at the end of the transition due to weak-link effects.
This may perhaps indicate nonuniform oxygen distribu-
tion between the interior and the boundary of a grain,
despite the slow cooling rates employed in the prepara-
tion. Note also that in Fig. 2(a), the resistivity of the
x =0.2 sample is lower than the resistivity of the
x=0.25 and 0.3 samples. We have observed this on
several samples of different batches. No unusual
structural feature could be detected at this composition;
the oxygen stoichiometry, however, presented an unusual
dip in this composition range (0.2 ~ x ~ 0.3).

2. Machine-ground samples

We turn now to the resistivity and susceptibility results
of the improved (machine-ground) samples [Figs. 2(c) and
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2(d), and Fig. 3, respectively]. One notes in Fig. 2(c) that
the metallic behavior improved dramatically particularly
at low-x values. The "semiconductorlike" behavior has
disappeared, implying that its origin is related to oxygen
effects. Recall that machine-ground samples have more
oxygen (Sec. II A). The resistivity of the x =0.0 sample
has gone down and is now higher than the resistivity of
the x =0.5 sample (which decreased only slightly) by
only a factor of -3. Still, the variation in y between the
x =0.0 and 0.5 members (by =0.13, see Table I) is the
same as in the hand-ground samples, again implying that
the net average charge density does not vary much with
x. The transition width [Fig. 2(d)] is now quite small (al-
most three times smaller than for the hand-ground sam-
ples). The width increases with decreasing x, implying
that the trend of broadening at low x is unrelated to a
particular preparation procedure. At the same time, the
sensitivity of transition width to current density has
disappeared. Both observations suggest that, on the one
hand, the broadening at low x is related to oxygen and
not to cation inhomogeneity; on the other hand, oxygen
distribution in the interior of the grains is more homo-
geneous in machine-ground samples than in hand-ground
samples. Another interesting observation is that the
anomalies in resistivity, in T„and in y that were ob-
served in hand-ground samples in the vicinity of x -=0.2
(Sec. III A 1) have disappeared.

The variations of T, and T+ (the resistive and magnet-
ic onset transition temperatures, respectively), and of the
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FIG. 2. Temperature dependence of resistivity at various cat-
ion compositions (x) of (a), (b) hand-ground samples, and (c), (d)
machine-ground samples. (b), (d) show normalized resistivity il-
lustrating the sensitivity of transition width to current.
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FIG. 3. (a) Real and (b) imaginary parts of the transition in
ac magnetic susceptibility at various cation compositions (x), of
machine-ground samples.
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0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

TR(FATA)

(K.)

47.8(5 ~ 3)
46.7(6. 1)
48.3(5.4)
51.9(5.1)
61.7( 5.4)
70.0( 5.4)
74.6(3.9)
78.5(2.6)
80.6(1.3)
81.4(0.9)
81.3(0.7)

40.0( 5.6)
38.6(6.2)
38.8{3 ~ 7)
45.6(5.5)
50.2( 5.0)
62.9(4.0)
67.1(2.8)
74.3(2.0)
77.8(1 ~ 8)
79.2(1.1)
79.2( 1.4)

Pz9o x
(mn cm)

3.54
3.47
3.02
2.50
2.53
1.60
1.92
1.29
1.48
1.04
1.04

7.007
7.030
7.060
7.052
7.082
7.087
7.110
7.108
7.141
7.135
7.137

transition widths hT, and hT+ throughout the composi-
tion range 0.0&x &0.5 are presented in Figs. 4(a) and
4(b), respectively, and in Table I. A central feature found
in this work is the double-plateau behavior in T, vs x
throughout the existence range of the single phase
(x & 0.5 ). That is, for 0.0 & x & 0. 1, T, -=47 K ( TP' -=40
K) while for 0.4&x &0.5, T, = 81 K (T—+=79 K). N—o-
tice that the double plateau appears both in electric and

80—

30
0

I s I t I t I

0.1 0.2 0.3 0.4 0.5

TABLE I. Dependence of onset transition temperature, tran-
sition width, room-temperature resistivity, and oxygen
stoichiometry (y) on cation composition (x), of machine-ground
samples.

magnetic measurements. This implies that the double
plateau is mainly a property of the phase rather than be-
ing a weak-link (grain-boundary) effect. This dependence
of T, on x is similar to the double-plateau behavior of T,
vs 5 in YBa2Cu3Q7 &. The latter has been related to a
specific ordering of the oxygens (i.e., ordered chains every
other unit cell). However, in the present family y
remains almost unchanged (see Sec. IIIC. The slight
change in y between both plateaus is much smaller than
the change in 5 in YBa2Cu307 &, though the changes in

T, are similar). Thus, the double-plateau behavior
should be unrelated to this specific oxygen ordering. The
same double-plateau behavior has been observed also for
hand-ground samples, the only difference being that the
lower plateau occurs at -40 K.

B. Structure

Lattice parameters and unit-cell volume of the hand-
ground samples are shown in Fig. 5 and Table II. The
system is tetragonal and pseudocubic (c =3a ) throughout
the entire existence range. In the single-phase region
(x &0.5), the lattice parameters and volume decrease
monotonically with x. For compositions that have been
reported by other groups, ' (x= —,', 0.5) our results are
similar to theirs (at x =—0.5 they are identical'; at x =

—,
'

the results of Ref. 2 exceed ours by -0.4%). In the mul-
tiphase region (x )0.5), the lattice parameters remain
practically constant rejecting the parameters of
the majority phase with x =0.5 [i.e.,
(Cao 5Lao ~)(Ba, &~Lao 75)Cu30», or a closely related vari-
ant of this phase, that is, with a different LajBa ratio on
the Ba site]. It is somewhat surprising that the lattice pa-
rameters of the x =O. S sample do not lie on the linear
curve corresponding to the x ~ 0.4 samples, but rather lie
higher on the line corresponding to the x ~0.6 samples.
Nevertheless, the x =O. S sample appears to be single
phase.

Throughout the Rietveld analysis we have refined the
lattice parameters and z coordinates (fractional coordi-
nates in the c direction) of Ba(La), of O(3) (apical), and of
Cu(2) and O(2) (in the Cu-Oz plane). The results are sum-

marized in Table II. We have also tried an orthorhombic
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cation compositions (x) of machine-ground samples. Notice the
double-plateau behavior of T, vs x.

FIG. 5. Tetragonal lattice parameters (a,c/3) as a function
of cation composition {x).
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TABLE II. Lattice parameters, fractional atomic coordinates in the c direction (z), site occupancy factors (OF), Debye-Wailer
temperature factors (B), and discrepancy factors (RI,R ~) as obtained from Rietveld refinements of hand-ground and presintered
powders. Lattice parameters marked by the asterisk correspond to sintered and oxygenated pellets. Numbers in parentheses are es-
timated standard deviations of the last significant digit. The results for x =0.5 are approximate (see text).

a (A)
c/3 (A)*
V(A )*

3.917(1)
3.917(1)

180.3

0.1

3.906(1)
3.906( 1)

178.8

0.2

3.894(1)
3.895(1)

177.2

0.3

3.883(1)
3.883(1)

175.8

0.4

3.876(1)
3.878(1)

174.8

0.5

3.873( 1)
3.874( 1)

174.3

a (A)
c/3 (A)
V(A )

3.921(1)
3.925(1)

181.1

3.910(1)
3.920(2)

179.8

3.900(1)
3.908( 1)

178.3

3.887(2)
3.901(2)

176.8

3.877(2)
3.890( 1)

175.4

3.876( 1)
3.888(2)

175~ 3

B(L)

Cu(1) chain
Cu(2) plane

O(1) chain

O(2) plane

O(3) apical

R
R p

(&)
(&)
(Z)
(&)
(~)
(Z)
(&)

(OF)
(&)
(Z)
(~)
(Z)
(&)

0.05(2)
0.1845(2 )

0.05(2)
0.09(4)
0.3469(4)
0.09(4)
0.87(8)
0.08(4)
0.3634( 14)
0.08(4)
0.1614(20)
0.08(4)
7.3
8.4

0.022(S)
0.13(2)
0.1846(2)
0.13(2)

—0.003(8)
0.3491(4)

—0.003(8)
1.003(4)
0.56(18)
0.3758( 11 )

0.56(18)
0.1586(21 )

0.56(18)
9.6
8.0

0.28(3)
0.05(2)
0.1848(1)
0.05(5)
0.28(3)
0.3478(2)
0.28(3)
0.994(3)
1.77(22)
0.3718(8)
1.77(22)
0.1590( 12)
1.77(22)
8.2
6.8

0.46(4)
—0.05(3)

0.1837( 1)
—0.05(3 )

0.46(4)
0.3495( 3 )

0.46(4)
0.94(7)
1.17(13)
0.3745(9)
1.17(13)
0.1565(17)
1.17( 13)
7.0
7.6

0.31(4)
0.11(3)
0.1835( 1)
0.11(3)
0.31(4)
0.3498( 3 )

0.31(4)
1.005(6)
1.12(20)
0.3691(8 )

1.12(20)
0.1579( 16)
1.12(20)
7.7
74

0.3
—0.1

0.184
—0.1

0.3
0.3503
0.3

1.66
0.3647
1.66
0.1695
1.66

11
9.9

initial guess according to the space group D2& (Pmmm,
No. 47); the refinement converged to a tetragonal struc-
ture. (This does not rule out the possible existence of
short-scale orthorhombic distortions as has been suggest-
ed by neutron-diffraction studies on related materials. )

The refinement of the x =0.5 sample, on the other hand,
did not converge easily and the results for that sample
(Table II) are only approximate.

Another result of this calculation is the occupancy fac-
tors (OF) of the O(1) ("chain") oxygen. It is remarkable
that the O(l) position is essentially fully occupied
throughout the range 0.0 ~ x ~ 0.5. Apparently, the op-
timal oxygen stoichiometry even before prolonged sinter-
ing is a material with y -=7.

Our calculations could not distinguish between 0% and
-20%%uo of the Ca being placed on the Ba site (this is prob-
ably the result of an increased number of fitting parame-
ters). Our further indirect evidence that Ca is located
mostly on the Y site (as was claimed in Ref. 1) comes
from the decrease (3%) of the interplane [Cu(2)-Cu(2)]
distance when x varies from 0.0 to 0.5. This is compati-
ble with the smaller size of Ca + (1.12 A) as compared to
La + (1.16 A). Both sizes were taken for ions that substi-
tute on the Y site, i.e., with eight surrounding oxygens.

We have not refined the occupancies of the Ba and La
ions on the Ba site. Owing to their close atomic numbers,
these atoms are indistinguishable under x rays. Our
determination of the cation distribution relies on the as-
sumption that Ba occupies solely its own site ( —,

'
—,'z).

Since the ionic radius of Ba + (1.5 A) is much larger than

0

the average rare-earth ionic size ( —1. 1 A), its substitu-
tion on the Y site would cost much elastic as well as elec-
trostatic energy. Hence, La shares both the Y and the Ba
sites in proportions corresponding to the chemical forrnu-
la of this family.

We have not attempted to determine the accurate loca-
tion of the boundary between the single-phase and multi-
phase regimes. Notice that in the hand-ground x =0.5
sample, we could not detect impurity phases. Neverthe-
less, the x =0.5 sample lies on the line corresponding to
the multiphase regime (Fig. 5) and the Rietveld
refinements of this sample did not converge easily. Be-
sides, our machine-ground x =0.5 sample did show
traces of impurity phase while the x =0.45 did not. Thus
the boundary of the single-phase regime probably lies
slightly below x =0.5.

C. Oxygen stoichiometry

The variation in T, and double-plateau behavior could,
in principle, be a result of a change in cation composition
(x), oxygen stoichiometry (y), or both. In order to ad-
dress this issue we have done careful oxygen
stoichiornetry determination in variously prepared sam-
ples. Specifically, we have introduced some additional
oxygen into the low-x (i.e., low-y) samples, and have re-
duced the oxygen from the high-x (highest-y) samples.
Our conclusion is that, while there is certainly an effect of
increasing T, with increasing y, at least one half of the
variation of T, between both plateaus is due to change in
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IV. DISCUSSION

We first summarize and briefly discuss our main exper-
imental observations.

(1) The double-plateau behavior of the transition tem-
perature as a function of Ca concentration and of La dis-
tribution (T, vs x; recall that the concentration of La
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FIG. 6. Oxygen stoichiometry (y) as a function of cation
composition (x), for rnachine-ground samples.

x and would also occur at strictly constant y.
The results of iodometric titrations on freshly prepared

machine-ground samples, prepared under the procedure
described in Sec. IIA, are summarized in Table I and
shown in Fig. 6. There is a small linear increase in oxy-
gen stoichiometry with increasing x, from y=7.01 at
x=0.0 to y=7. 14 at x=0.5. This small change in y
(i.e., by =0.13) should be compared with the 0.5 change
in 6 in YBazCu307 & upon transition from one plateau to
the other.

We would like to emphasize that, under a given
preparation procedure, the materials are believed to ex-
hibit a unique relation between T, and both x and y, pro-
vided that homogeneous oxygen distribution has been at-
tained. This is a conclusion of the reproducibility of our
results. (For instance, we repeated the annealing of the
hand-ground samples, Sec. II A, three times and obtained
results similar to those after the first anneal. ) However,
under different preparation conditions, we were able to
increase (decrease) oxygen stoichiometry in the low-
(high-)x samples resulting in a concurrent increase (de-
crease) of T, . For instance, we were able to increase y to
7.05 for the x =0.0 sample while increasing T, by —10
K. Similarly, we have decreased y to 6.99 for the x =0.4
sample which is lower than the 7.05 value of the x =0.0
sample. Still, T, decreased by only -4 K (Fig. 7). These
relatively small changes in T, should be compared to the
34 K difference in T, between both plateaus. Besides,
one could extract from the data presented in Fig. 7 re-
sults corresponding to strictly constant y. For instance,
at y=7.05 an increase in T, of -30 K between the low-
and high-x members has been observed. This shows con-
clusively that there exist regions of oxygen stoichiometry
in which T, varies as a strong function of x whereas Q
and y remain constant.
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FIG. 7. Transition temperature as a function of oxygen
stoichiometry for machine-ground samples. Notice the large
value of BT, /By at y -=7.08. Also notice that for a given y value
(e.g., y -= 7.0), T, increases remarkably with increasing x.

does not change with x) resembles the variation of T, vs 5
in YBazCu307 & upon change of oxygen stoichiometry.
However, via reduction and oxidation experiments
we have shown that, in the present
(Ca„Lai )(Ba, 75 Lao 25+ )Cu30~ family, changes in x
contribute a major part to the variation of T„atleast as
important as changes in y. In fact, changes in y are rath-
er small compared to YBCO. Notice the -0.1 decrease
in y in the present family as compared to the -0.5 de-
crease in YBCO for the same decrease in T, (i.e., 81—47
K and 92—58 K, respectively). In other words, the slope
BT, /By in the range where T, varies (i.e., between pla-
teaus) is —500 K in the present family (Fig. 7) as com-
pared to —140 K in YBCO. Thus it is unclear whether
or not these variations in T, have the same origin. In
particular, and since y varies only slightly and the materi-
al is tetragonal, chain ordering every other unit cell (as in
YBa2Cu306 ~) is certainly not the cause of the double-
plateau behavior in the present family.

(2) The slight linear increase in y with x could perhaps
be related to the LaB, (La that substitutes for Ba, which
accounts for only a fraction of the La) concentration.
Notice that together with the increase in concentration of
Cav (Ca that substitutes on the Y site) with x there is an
increase in the La~, concentration. It has been proposed
that addition of La on the Ba site acts, due to the smaller
size of the former, in favor of increase in the La coordina-
tion number, that is, in favor of oxygen occupation on
both the O(l) (b-axis) and the would-be O(5) (a-axis) sites.
This would lend itself to an increase in oxygen
stoichiometry, and to a reduction in orthorhombicity.
Our results are in accord with this conclusion since
y —=7. 1 (i.e., larger than in YBCO) and the materials are
tetragonal.

(3) There is also a remarkable increase in transition
width with decreasing x. This implies that disorder or
even inhomogeneity related to the CaY distribution, that
probably increases with x, does not play an important
role. We do not understand the decrease in AT, with x;
presumably it is related to the increase in y. This would
imply better oxygen homogeneity at higher oxygen



TETRAGONAL SUPERCONDUCTING FAMILY. . . 539

stoichiometries.
In the following subsections we examine some of the

common models that attempt to correlate T, with vari-
ous chemical, structural, or physical properties, in rela-
tion to our main observation, that is, the Uariation of T,
with x. We show that these models are not at all or not
entirely applicable to the present family, raising a ques-
tion regarding their general validity. In Sec. V we pro-
pose that the Ca~ and La~, having concentrations that
change with x are involved in the charge transfer thereby
contributing to the variation of T, with x.

A. Charge-transfer models
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The increase in y (by -0.1) in the present family is
minor compared to the increase in 5 in YBazCu507 & (by-0.5). Moreover, Q =7.25 and remains constant
throughout this family via cosubstitution. Thus the aver-
age amount of Cu remains unchanged (at about one
Cu + atom/unit cell), but T, varies significantly. There-
fore, neither the oxygen stoichiometry y, nor the average
cationic charge Q, is the single parameter responsible for
the variation of T, in this family.

For materials with one substitution, this point was well
demonstrated by Tokura et al. ' They have shown that
variation of Q at constant y, or variation of y at constant
Q, both cause large changes in T, and in the boundary
between normal conductors and insulators. They have
proposed that a single parameter, namely,
p~»„,[ =

—,'(y —Q+ —,
' )]—the hole density associated with

a single plane —incorporates all these variations. They
have examined many materials with differing y and Q [be-
longing to the families (Ca„Y, „)Ba2Cu50 and
Y(La Ba, )2Cu50~, some of which are multiphase], and
concluded that T, vs p &,„,shows a definite pattern. We
have reproduced the major pattern of their results in Fig.
8. On the same figure we added the curve corresponding
to YBa2Cu307 & as we have determined from the data in
Refs. 6 and 11.

We have also tried to fit our data on the same figure
but it clearly does not fit the other curves. The curve
representing as-prepared

(Ca La, )(Ba, 75 Lap 25+ )Cu~Oy

is almost a vertical line (Fig. 8). It would be exactly verti-
cal, had y remained strictly constant. For instance, the
line corresponding to y =7.05 (P~»„,=0.15)—as ex-
tracted from Fig. 7—is also shown in Fig. 8. Clearly the
curves of the present work deviate significantly from the
main, curve representing the other materials. Particularly
remarkable is the difference between the curve of the as-
prepared material and that of YBa2Cu3O7 &. For the
same value of p &,„„

the difference could be as large as 40
K. The absence of any plateau in the curve correspond-
ing to the present family in Fig. 8 rejects the rather small
variation in oxygen stoichiometry as compared to YBCO.
Certainly, in the present family p t,„„asdefined above, is
not the single important parameter. Apparently, this
scheme does not take into account materials in which
mutually charge-compensating substitutions are responsi-
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FIG. 8. Transition temperature vs number of holes per Cu02
plane (adapted from Ref. 10). Solid curve was taken from Ref.
10. Dashed curve is for YBa2Cu307 z. Dashed-dotted curve
represents the as-prepared machine-ground samples in the
present family. The lack of plateaus in the latter curve signi6es
the rather small variation in y in the present family. The verti-
cal dashed-dotted line, corresponding to y =7.05 of the present
family, has been extracted from the data of Fig. 7.

B. Bond-valence sums

There have been several attempts to estimate the
charge distribution within the unit cell of YBazCu307
based on the "bond-valence sum" (BVS) approach. ' Ac-
cording to this approach, the effective valence of an ion
in a crystal is estimated by summing over all nearest-
neighbor cation-anion bond valences (BV). The latter
have been estimated from an empirical relation
[BV=exp[(R~ —R )/8 ]] that includes the measured
bond length (R) and two adjustable parameters (R~ and
B). These parameters, it is assumed, are identical to
those obtained from numerous well known and perfectly
ordered crystals, e.g., 8 =0.37 A. R„hasbeen tabulated

ble for large variations in T, . In short, this scheme is
inadequate to explain our results of cosubstitution. It
still remains to be shown whether p &,„,can be redefined
in some way, in order to include the case of cosubstitu-
tion.

Through further examination of these and other ma-
terials, Manthiram and Goodenough have pointed out
another limitation of this model at large oxygen
stoichiometries [i.e., y ~y, =6.96+ —,'(Q —7)=7.085 in
the present family]. At these y values, and since T, tends
to decrease with y, trapping of mobile holes has been pro-
posed, which takes place at trapping centers caused by
oxygen clusters (i.e., 02 ) in the plane of the "chains. "
We want to point that in this work,
y,„(x=0.5)=7.15&y, . Therefore, either mobile hole
trapping does not occur, or y, is higher.
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according to the specific cation-anion pair, the coordina-
tion sphere, and the oxidation state. The success of this
approach was well demonstrated in YBazCu307 &, where
the variation in the BVS of Cu(2) (plane copper) vs 5
correlates very well with the variation of T, vs 5.

We have examined bond lengths and BVS in the
present family, but could not identify any specific pattern
in bond length or BVS vs x similar to the one observed in
the dependence of T, on x or on y. In particular, no vari-
ation similar to the double-plateau behavior of T, vs x
could be identified in any of the bond lengths or BVS.
We conclude that in this system BVS and bond lengths
are not directly related to T, or even to charge distribu-
tion.

The BVS approach has been strongly criticized recent-
ly by Jansen and Block. ' The main problem seems to be
the application of this empirical approach, that is based
on parameters derived from ordered crystals in equilibri-
um, to other systems where the bond length may be con-
tracted or elongated ("disordered" systems) due to chemi-
cal (internal) or physical (external) pressure. Even
though these authors provide a theoretical basis to the
empirical approach, they specifically criticize the deduc-
tion of effective valence in YBCO (e.g. , hole concentra-
tion in the planes) from these BVS under normal pres-
sure, and particularly under high-pressure conditions.
We believe that their criticism is correct: the interpreta-
tion of effective valence in a strained system such as
YBCO is not justified. Recall that a deviation of only l%%uo

in the actual Cu(2)—0 bond length (i.e., b,R -=0.02 A)
from its ordinary value in other compounds yields —5~o
deviation in the calculated bond valence due to the ex-
ponential dependence (e ~ =1.05).

Notwithstanding, it is possible to conclude from the
BVS approach that internal stresses exist when the calcu-
lated valence differs significantly from its ordinary value.
For instance, we noticed that the calculated BVS of La~
is remarkably large ( —+4) while that of Lan, is quite
small ( —+1.5) as compared to the ordinary oxidation
state of La (+3). This result is in accord with the intui-
tive assumption that LaY is compressed, i.e., R0 is to be
taken smaller (Lan, is rarefied) due to the small (large)
volume of the Y (Ba) site, respectively, as compared to
the volume of the La ion.

C. Interlayer distance

sidered optimal, since the transition is broadening at low
x. We note that in the 0.4~x ~0.5 range, T, falls well
on that line (T,d =283 K A) indicating an optimal oxy-
gen stoichiometry, while implying again that disorder
due to Ca distribution, which could be maximal at
x =0.5, is of little importance. The largest deviation
from this line (i.e., T,d—= 172 K A) is observed for the
x =0.0 member having the lowest y. The 3%%uo increase in
Cu(2)-Cu(2) spacing with decreasing x is, by far,
insufficient to account for the observed decrease in T,
that would require an increase in d by a factor of 2.

As was noted earlier, it is possible to raise y of the
x =0 member, thereby increasing T, . Therefore, we are
currently investigating the possibility of raising y in the
low-x members, in an attempt to obtain optimal materi-
als. The work of Harshrnan and Mills suggests that it
would be possible to raise T, in the low-x members.

D. Oxygen-ordered domains

Recently, Poulsen et al. have proposed a simple model
for the variation of T, with 5 in YBa2Cu307 &.

" It is
based on the assumption that a 2D domain having almost
perfect oxygen order and minimal size (i.e., no more than
one vacancy within the domain) has to exist in the plane
of the chains, in order to support electron transfer from
the planes to the chains. They propose that to each of
the ortho-I (T, =92 K) and ortho-II ( T, =58 K) phases,
there corresponds a specific domain. The domains of
both phases differ by their size (area) and by their oxygen
arrangement. The number of these domains has been
determined from the oxygen distribution in this plane.
The latter has been obtained as a function of 6 by Monte
Carlo simulations of the actual oxygen distribution at a
given 5, based on known pair interactions between an ox-
ygen and its possible neighbors. The number of domains
of each phase was then used to interpolate T, between
both plateaus. Based on the above assumptions, these au-
thors were able to accurately reproduce the measured
dependence of T, vs 6.

It is difBcult to see how this model could be applied to
predict the variation of T, vs x in the present family,
since y is essentially constant. It would perhaps be possi-
ble to correlate changes in x, that is, in the LaB, concen-
tration, with different oxygen ordering since the pair in-
teractions between oxygens would also depend on x.

An interesting attempt to correlate T, with various
properties of a 2D electron gas has been proposed recent-
ly by Harshman and Mills. ' These authors show that for
many layered superconducting materials, optimized with
respect to stoichiometry and order, an inverse relation-
ship of the form T, =300/d holds, where T, is measured
in K and d in A. d denotes the spacing between coupled
layers, e.g., adjacent Cu02 planes in HTSC. An optimal
material within a given family would require, according
to these authors, the highest attainable oxygen
stoichiometry, fully ordered oxygen sublattice, and
minimal disorder or chemical inhomogeneity of the cat-
ions.

In the present family not all members can be con-

V. CHARGE REDISTRIBUTION:
THE EFFECT OF COSUBSTITUTION

ON HOLE DENSITY

Our main observation, namely, that T, increases and p
decreases with increasing x immediately raises the follow-
ing question: If the only effect of the addition of CaY is
merely full compensation by the addition of LaB„then no
change in T, or p is expected, since the hole density
would not change. This is naively suggested by the
countereffect of these electron acceptors and donors; in
other words, the number of Ca~ acceptors equals the
number of La~, donors. As we have seen, however, there
is a rather strong dependence of T, and p on the
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CaY/Lan, concentration.
Therefore, we assume that electrons contributed by

substituting LaB, (La that substitutes for Ba) are not fully
compensating the electrons that have been captured by
Cav (Ca that substitutes for Y). Instead, for each Cav,
one electron goes from the Cu02 planes to the nearby Ca,
yielding an increment in hole density in these planes. At
the same time, for each LaB„afraction of the electrons
goes to the plane of the CuO "chains, " and the comple-
mentary fraction goes to the Cu02 planes, thereby lower-
ing the increment in hole density in these planes. The net
effect of this cosubstitution is then an additional charge
transfer from the planes to the chains: the holes that are
generated by electron transfer from the Cu02 planes to
the CaY, are partly compensated by electrons that
transfer from the LaB, to the CuO2 planes. The addition-
al number of holes that are contributed to the planes in
this way equals the number of electrons that transfer
from the Laa, to the "chains. " It is possible that the
charge transfer from the La&, to the chains is enhanced
in the present system due to oxygen accumulation in the
vicinity of the LaB,. The latter is consistent with the
tetragonal structure.

We have referred to the charge transfer due to cosub-
stitution as "additional" since when there is no substitu-
tion (i.e., at x =0), T, does not vanish. In other words, at
x =0 [that is, in the material La(Ba, 7~Laa z5)Cu307 0,] or-
dinary charge transfer between planes and "chains" takes
place. It is, however, unclear why T, has dropped so
much (to 47 K) compared to the similar material
LaBazCu307 which has T, =92 K (Ref. 15): The addition
of a 0.25 La atom per unit cell in the x =0 material, and
the slight increase in y are equivalent to an increase of
——,

' electron/unit cell at the most. Usually it takes more
electrons to reduce T, by that much (e.g., as is well
known in reduced YBa2Cu307 s). This might suggest a
narrowing in the density of states in the present family as
compared to LaBa2Cu307. According to the BCS theory,
T, is related to N(EF ), the density of states at the Fermi
energy (E~). The eFect of substituting La for Ba is not
only to add ——,

' electron/unit cell thereby raising EF.
We suggest that, in addition, this chemical substitution
also induces changes in band structure, e.g., narrowing of
the density of states. Hence despite a relatively small
change in electron density, N(E~) becomes substantially
smaller than it would be in LaBa2Cu3O7, and T, de-
creases. Notice that LaBa2Cu307 that does not contain
LaB, is orthorhombic. It is possible that LaB„through
its affinity to oxygen, causes the changes in band struc-
ture. Thus the band. narrowing might be specifically re-
lated to the LaB, rather than to the La~.

In support of the existence of band narrowing already

in the x =0.0 member, we mention that this composition
is quite sensitive to changes in y. Recall that T, increases
by —10 K upon increase in y by only 0.04 (Sec. III C).
By comparison, the same increase in y will induce in
YBCO an increase in T, of -5 K at the most. It would
be interesting to investigate by other methods the possi-
bility of band narrowing due to La substitution.

VI. CONCLUSIONS

(1) We have found that CaLaBaCu30 does not exist as
a single phase under ordinary preparation conditions. In-
stead (Caa 5La0 5)(Ba, z5La0 75)Cu30 is formed as a major
phase, and the material contains impurity phases.

(2) We have prepared a family

(Ca La, )(Ba, 7~ „Laa25+„)Cu30»

belonging to the 1:2:3 system that is tetragonal
throughout the single-phase existence range
0.0~x ~ -0.5. Cosubstitution of CaY and LaB, is re-
sponsible for the constant charge (g =7.25) of the non-
copper cations.

(3) In this family T, varies both with x and with y. The
variation with x resembles the double-plateau behavior of
T, vs 6 in YBa2Cu307

(4) At least half of the variation of T, between both
plateaus is due to the change in x, and would also occur
at strictly constant y.

(5) We have examined several models including ordi-
nary charge transfer between planes and "chains, " bond-
valence sums, and oxygen ordering in domains and found
them insufficient to explain the variation of T, with x.

(6) We propose that in systems with cosubstitutions,
additional charge transfer from planes to "chains" is re-
sponsible for the variation of T, with x. In particular,
electron transfer from the planes to the CaY is only partly
compensated by electron transfer from the LaB, to the
planes, since another fraction of the electron goes from
the LaB, to the "chains. "

(7) LaB, seems to play an important role not only as a
donor in this family; through its affinity to oxygen it also
promotes the tetragonal structure, assists the electron
transfer to the chains, and helps in increasing the oxygen
stoichiometry. It is also possible that substitution of La
for Ba induces significant changes in band structure.
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