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transfer mechanism that depletes the superconducting
A detailed study of the structure of Ca doped YBa2Cu3O72d CuO2 planes of charge carriers by transferring holes from

samples with different oxygen contents has been carried out. the CuO2 planes to the CuO chains where they are local-
Neutron powder diffraction data were collected for nine sam- ized has been established as the cause of the depression of
ples with varying Ca and oxygen contents and the structural Tc . The structural changes occurring upon Ca substitution
changes were determined by Rietveld refinement. The samples have also been studied previously in oxidized samples (6),
were prepared by annealing at different oxygen partial pres- in oxygen depleted samples (7), and recently in oxygen
sures and for the undoped samples d values of 0.03, 0.38, and deficient samples (8). In the first case, the atomic displace-0.95 were obtained. A decrease in the oxygen content with Ca

ments and the decrease in Tc can be related to the effectsdoping is observed for the orthorhombic samples. Tc decreases
of the variation in oxygen content. Therefore, the addi-due to overdoping in the fully oxidized samples and increases
tional hole content provided by Ca substitution is thoughtin the partially oxidized samples. The bond lengths change in
to be reduced by the induced oxygen depletion. On thea similar manner for both the fully and partially oxidized sam-
other hand, the tetragonal phase becomes superconductingples. The structural changes are related to the increasing oxygen

deficiency in the CuO chains and to the change in average at doping levels of x $ 0.2 due to the increase of the charge
charge and ion size at the Y site. In the fully reduced samples, carrier content. Superconductivity can thus be restored in
only the oxygen ions at the CuO2 planes are significantly af- the insulating YBa2Cu3O6 and in PrBa2Cu3O7 by the same
fected by substitution.  1996 Academic Press, Inc. mechanism (9, 10). Casalta et al. (9) have determined the

phase diagram of the Y12xCaxBa2Cu3O6 system, where an
antiferromagnetic phase is observed for x , 0.07 and the

1. INTRODUCTION superconducting phase for x $ 0.2. Like most cuprate su-
perconducting materials, Y-123 exhibits a parabolic depen-Attempts to increase the superconducting transition
dence of Tc upon the charge carrier concentration (11)temperature in YBa2Cu3O72d (Y-123), cf. Fig. 1, by means
and the fully oxygenated YBa2Cu3O7 is considered to beof nonisovalent substitutions demonstrated that the struc-
slightly overdoped (12). Thus, further hole doping wouldture responds to the substitution by compensating the
decrease Tc as in the La12xSrxCuO4 compound (13).charge difference with a change of the oxygen content (1,

The electrical transport properties and the carrier den-2). Ca doping at the Y site and La doping at the Ba site thus
sity have been studied thoroughly by measurements of thedecreases and increases the oxygen content, respectively,
Hall coefficient (14–17), thermoelectric power (18, 19),resulting in a degradation of the superconducting proper-
NMR (9, 20), and NQR (21). Studies of the resistivityties. Interestingly, Ca substitution in Y12xCaxBa2Cu3O72d behavior in Y0.8Ca0.2Ba2Cu3O72d samples showed that thechanges the oxygen content according to the relation d P
resistivity at room temperature increases with d and thatd0 1 x /2 which would have the consequence of keeping
it is affected by the annealing procedure (14). These obser-the average oxidation state of Cu constant. However, this
vations suggested that the charge reservoir role of the CuOratio is highly dependent on the annealing procedure (3).
chains is strongly affected by Ca doping. NMR measure-The structural effects of a lowering of the oxygen content
ments have shown that in oxidized samples, the introduc-have been characterized in detail in Refs. (4, 5). A charge
tion of holes at the CuO2 planes by Ca doping is compen-
sated by the induced oxygen vacancies and that the
compounds are overdoped (20). NQR studies on reduced1 To whom all correspondence should be addressed.
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annealing in 2% O2 in Ar was performed for three days
with a gas flow of approximately 0.5 liter/min before
quenching into liquid nitrogen. Fully reduced samples were
prepared by a similar procedure but were annealed at
6408C in pure argon instead. X-ray diffraction analyses
revealed a tetragonal unit cell for the latter samples and
showed that no impurities such as green phase (Y2Ba
CuO5) had formed during the annealings. Iodometric titra-
tion was used to obtain an independent determination of
the oxygen content. A decreasing oxygen content could
be observed with Ca doping except for in the fully reduced
samples, where a nearly constant oxygen content around
6.03(2) was found. To correctly establish the effects of Ca
doping on Tc , a comparison was made between a sample
with the stoichiometry Y0.9Ca0.1Ba2Cu3O6.5 and a sample
with x 5 0.2 and an oxygen content of 6.5 as determined
from iodometric titration. The latter sample was prepared
by annealing in a 10% O2 in Ar gas mixture at 5208C.
In the following discussion, the three series of samples
will be referred to as series A (fully oxidized), B (partially

FIG. 1. Unit cell of YBa2Cu3O7 illustrating the nomenclature used oxidized), and C (fully reduced).
in the text. The oxygen site O(5) is only partially occupied. Neutron diffraction experiments were carried out at

the spallation source ISIS, RAL, using the high flux,
medium resolution diffractometer POLARIS. At this
diffractometer, the detectors at back scattering cover asamples showed that the CuO chains are not affected by
d range of 0.2–3.2 Å with a resolution of Dd/d P 5 3hole doping through Ca substitution and that the holes
1023. Time-of-flight data were collected for the ninegenerated at the CuO2 planes destroy the antiferromag-
samples with volumes of 3–3.5 cm3 at room temperature.netic ordering and induce superconductivity (21).
After focusing and normalization, refinements were madeIn this study, we present a detailed characterization of
with TF15LS (22), a Rietveld program especially devel-the structural changes that occur in YBa2Cu3O72d samples
oped for least-squares refinement of time-of-flight data.with Ca substitution where, for the undoped samples,
The scattering lengths used were taken from Ref. (23).72d P 6.97, 6.62, 6.05.
The refinements were carried out assuming that Ca
substitution occurred only at the Y site and that the2. EXPERIMENTAL
O(5) site at the (1/2,0,0) position was partially occupied.
Due to the low occupancies obtained at this site in theA series of polycrystalline samples with stoichiometry

Y12xCaxBa2Cu3O72d , 0 # x # 0.3, was prepared by solid orthorhombic samples and at the O(1) site at (0, 1/2,
0) in the tetragonal samples, their isotropic temperaturestate reaction of Y2O3 , CaCO3 , BaCO3 , and CuO powders

which were mixed and ground in ethanol before firing. The factors were fixed at 0.5 Å2. Anisotropic temperature
factors were refined for the O(1) and O(4) atoms butsamples were sintered first as powders at 9008C in air for

24 h, ground and pelletized, and then sintered at 9308C as it did not result in an improvement of the description
of the thermal motion or the reliability values, all atomsfor 48 h in air. Two more sinterings were carried out at

9508C for 60–80 h in an oxygen atmosphere to obtain well- were refined with isotropic temperature factors. At the
last steps of the refinement, the occupancies for thecrystallized samples. No impurities, such as BaCuO2 , could

be detected by X-ray diffraction analyses using the Guinier other atoms were allowed to vary, but it resulted in full
occupancies within e.s.d.’s. The nominal stoichiometryfilm technique in samples with x # 0.20. Annealing was

performed at 4008C in an oxygen atmosphere for a period also agreed well with the refined Ca occupancy at the
Y site. Figure 2 shows a relevant part of the diffractionof two days or longer. At this point, each sample was

divided into three parts and annealings were carried out pattern (raw data) for the samples under study. The
transition to a tetragonal symmetry can be observed withfollowing the work of Jorgensen et al. (4). To prepare

partially oxidized samples with an oxygen content close to decreasing oxygen content. In Table 1, the structural
parameters for the samples under study are presented6.6 for the undoped Y-123 sample, the following procedure

was used. The samples were heated to 9008C in air and together with the superconducting transition tempera-
tures which were measured in terms of the complex accooled to 5208C at a rate of 1808C/h, at which temperature
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FIG. 2. Part of the neutron diffraction patterns collected for the Y12xCaxBa2Cu3O72d samples, including fully oxidized (series A), partially
oxidized (series B), and fully reduced samples (series C).

susceptibility with a frequency of 132 Hz and amplitude However, the volume fraction of the superconducting
bulk phase was relatively small in this sample. Tc wasof 100 mOe. The YBa2Cu3O6.04 sample was nonsupercon-

ducting while, with 10% Ca doping, the fully reduced also observed to increase in the partially oxidized samples,
while it decreased in the fully oxidized samples.sample became superconducting at Tc,onset 5 19.8 K.

TABLE 1
Tc Values and Structural Parameters for Oxygen Deficient Samples of Y12xCaxBa2Cu3O72d

A B C
Series

x 0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2

Tc,onset (K) 90.1 85.2 80.9 63.1 79.3 77.5 — 19.8 43.5
a (Å) 3.8141(1) 3.8169(1) 3.8249(1) 3.8275(1) 3.8340(1) 3.8393(1) 3.8588(1) 3.8569(1) 3.8540(1)
b (Å) 3.8806(1) 3.8777(1) 3.8791(1) 3.8814(1) 3.8781(1) 3.8680(1) 5a 5a 5a
c (Å) 11.6702(1) 11.6788(1) 11.6928(1) 11.7231(1) 11.7454(1) 11.7637(1) 11.8269(1) 11.8354(1) 11.8298(1)
V (Å3) 172.73(1) 172.86(1) 173.49(1) 174.16(1) 174.64(1) 174.70(1) 176.11(1) 176.06(1) 175.71(1)
Y/Ca B (Å2) 0.24(1) 0.24(1) 0.27(1) 0.28(1) 0.32(1) 0.38(1) 0.34(1) 0.34(1) 0.36(1)
Ba z 0.18374(8) 0.18476(9) 0.1862(1) 0.18775(8) 0.18918(8) 0.19099(9) 0.19472(7) 0.19524(7) 0.19526(8)

B (Å2) 0.40(1) 0.42(1) 0.46(1) 0.42(1) 0.47(1) 0.51(2) 0.46(1) 0.47(1) 0.50(1)
Cu(1) B (Å2) 0.20(1) 0.30(1) 0.44(1) 0.39(1) 0.51(1) 0.62(2) 0.64(1) 0.72(1) 0.79(1)
Cu(2) z 0.35477(5) 0.35545(5) 0.35464(6) 0.35677(5) 0.35771(6) 0.35893(7) 0.36080(5) 0.36104(5) 0.36113(5)

B (Å2 0.29(1) 0.29(1) 0.28(1) 0.28(1) 0.28(1) 0.26(1) 0.24(1) 0.25(1) 0.24(1)
O(1) B (Å2) 0.72(3) 0.80(3) 0.86(5) 0.84(5) 1.05(7) 1.5(1) 0.5 0.5 0.5

n 0.94(1) 0.89(1) 0.79(1) 0.61(1) 0.53(1) 0.43(1) 0.05(1) 0.04(1) 0.04(1)
O(2) z 0.37846(8) 0.3776(1) 0.3766(1) 0.3788(1) 0.3779(1) 0.3784(2) 0.37909(5) 0.37829(5) 0.37743(5)

B (Å2) 0.44(1) 0.47(1) 0.48(2) 0.43(1) 0.48(2) 0.47(2) 0.44(1) 0.47(1) 0.50(1)
O(3) z 0.37843(9) 0.3777(1) 0.3768(1) 0.3783(1) 0.3776(1) 0.3758(2)

B (Å2) 0.42(1) 0.41(1) 0.41(2) 0.42(2) 0.43(2) 0.45(3)
O(4) z 0.15873(7) 0.15819(8) 0.1575(1) 0.15647(8) 0.15563(9) 0.1542(1) 0.15263(9) 0.15220(9) 0.1519(1)

B (Å2) 0.50(1) 0.60(1) 0.78(2) 0.70(1) 0.86(2) 1.13(2) 0.89(1) 0.97(1) 1.09(2)
O(5) n 0.03(1) 0.03(1) 0.04(1) 0.01(1) 0.02(1) 0.06(1)

7 2 d 6.97 6.92 6.83 6.62 6.55 6.49 6.05 6.04 6.04
Rp 3.2 3.3 3.6 3.6 3.4 3.5 3.4 3.0 3.6
Rwp 2.2 2.2 2.5 2.3 2.3 2.7 2.5 2.4 2.7
x 2 6.3 6.7 9.9 7.8 8.0 9.1 9.9 7.0 8.6
RI 2.7 2.3 2.5 3.4 2.8 3.3 4.2 3.5 3.5

Note. Space groups Pmmm (No. 47) and P4/mmm (No. 123). Y at (1/2, 1/2, 1/2), Ba at (1/2, 1/2, z), Cu(1) at (0, 0, 0), Cu(2) and O(4) at
(0, 0, z), O(1) at (0, 1/2, 0), O(2) at (1/2, 0, z), O(3) at (0, 1/2, z), O(5) at (1/2, 0, 0)
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carriers induced by Ca doping. Similar effects have also
been observed for the corresponding vibrations related to
the CuO2 planes in Bi2Sr2Y12xCaxCu2O81d with increasing
Ca doping (24).

The increase in the hole concentration at the CuO2

planes with Ca doping can also be estimated using bond
valence sums (BVS). In a recent work, the dependence of
Tc and thermoelectric power upon hole content in Y12xCax

Ba2Cu3O72d samples has been shown to follow the same
trend as in other superconducting systems (25). We have
calculated the BVS around the Cu(2) ion in the CuO2

planes from our structural data using a model that takes
into account the presence of Cu31 (26, 27). Furthermore,

FIG. 3. Unpolarized micro-Raman spectra of the fully oxidized Y12x the two parameters suggested by J. L. Tallon were used
CaxBa2Cu3O72d samples recorded at room temperature. The lines denote to properly correlate Tc with the bond valence sums aroundthe zero intensity levels for the spectrum immediately above. The CuO2

the ions at the CuO2 planes (28). These two variables areplane phonons are marked by asterisks (*) together with mode assign-
the difference and the sum of the Cu and O bond valencements using simple atomic notations.
sums and while the former (V2 5 2 1 VCu(2) 2 VO(2) 2
VO(3)) describes the hole density in the CuO2 planes, the
latter (V1 5 6 2 VCu(2) 2 VO(2) 2 VO(3)) describes the3. DISCUSSION
preference for the distribution of holes on oxygen sites
relative to copper sites. The parameter V1 was found toThe annealing procedure greatly influences the degree

of oxidation of Ca doped YBa2Cu3O72d samples. Thus, remain relatively constant as in the case of YBa2Cu3O72d

(28), at a value of 20.26 6 0.04, indicating a constantannealing periods of 1 or 2 days resulted in an incomplete
oxidation. Annealing at 4008C and 60 atm of oxygen pres- preference for the distribution of holes on oxygen sites.

Figure 4 shows the plot of V2 versus Tc in the Ca dopedsure for 2 days was sufficient to fully oxidize the materials,
but the oxygen content did not increase over the one ob- 123 samples studied in this work together with the values

calculated from the structural data for YBa2Cu3O72d sam-tained by annealing the samples for 3 to 7 days at 1 atm
oxygen pressure. Tc is reduced with increasing Ca content ples reported by Cava et al. (5). It can be observed that

Tc increases up to a maximum at a hole density of aboutin the fully oxygenated samples at a rate of 5 K per 10%
Ca at the Y site (see Table 1). It was also observed that 0.2 holes per Cu in the CuO2 planes, and then decreases

due to overdoping of the CuO2 planes in the fully oxidizedTc,onset increased from 79.3 K in Y0.9Ca0.1Ba2Cu3O6.5 to
84.8 K in Y0.8Ca0.2Ba2Cu3O6.5 , the oxygen contents in these samples. The oxygen depletion that is observed with Ca
samples being determined from iodometric titration. Thus,
it is clear that Ca substitution in samples with a constant
oxygen content increases Tc . Assuming that the com-
pounds are underdoped, the substitution of Ca for Y would
dope the CuO2 planes with holes and increase Tc as ob-
served for these two samples.

Further understanding of the doping process in Y12xCax

Ba2Cu3O72d is obtained from the change in the optical
phonons. Figure 3 shows unpolarized micro-Raman spec-
tra of the fully oxidized samples recorded at room tempera-
ture. Here, we focus on three CuO2 plane phonons (at 145,
340, and 440 cm21), as they concern atoms directly involved
in the superconductivity. Details for all other Raman
modes in the Y12xCaxBa2Cu3O72d system will be presented
in a separate publication. When the Ca content increases,
all these CuO2 plane phonons decrease in intensity. The
same behaviors are also observed in both the partially
oxidized and fully reduced samples, and therefore they are
characteristic for the Ca doping in all the Y12xCaxBa2 FIG. 4. Tc values in Ca doped 123 samples as a function of the
Cu3O72d series. These effects are most probably direct hole density on the CuO2 planes, V2(e). As a comparison, the values

calculated from Ref. (5) for YBa2Cu3O72d samples are also included (l).manifestations of the increase in the number of charge
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FIG. 5. Changes in cell parameters and unit cell volume in Y12xCaxBa2Cu3O72d samples [series A (n), series B (,), series C (l)].

doping implies that the average oxidation state of copper ples in this series and the rapid increase and thereafter
nearly constant Tc values observed in this series (B) mayremains nearly constant. Therefore, the reduced positive

charge at the Y site can be considered to induce a redistri- be due to such an effect. A similar increase of Tc has been
observed by Awana et al. (8) and Kontos et al. (20). In thebution of holes between the CuO chains and the CuO2

planes that causes an increase of the hole content at the latter work, the temperature dependence of the Knight
shift suggested that the partially oxidized samples wereplanes. Moreover, it has been reported that the disappear-

ance of Tc in Ca doped Y-123 samples occurs at higher d underdoped while fully oxygenated samples were over-
doped. The creation of holes due to Ca doping would thusvalues than in oxygen deficient Y-123 samples. This would

imply that the carriers provided by Ca doping are not cause an increase and a decrease in Tc in the two series
of samples, respectively.completely compensated by the induced oxygen vacancies

and cause the overdoping of the CuO2 planes at high oxy- The larger size of Ca21 (r 5 1.12 Å) compared to Y31

(r 5 1.019 Å) is expected to cause an expansion aroundgen contents (14).
In the fully reduced samples, the appearance of super- the Y site in all three series of samples, but considering the

induced oxygen depletion, such a correlation is expected toconductivity is observed at x 5 0.1, in contrast to previous
reports of values around x 5 0.2; see, e.g., Ref. (9). Thus, be more obvious in the fully reduced samples. In this case

however, a decrease of the a and b axes and of the unit cella small increase of the hole density at the planes induces
superconductivity in this system. The disagreement with volume is observed, the c axis remaining nearly constant.

Figure 5 shows the changes in cell parameters and unitthe previous work on the effect on Tc of Ca doping in
YBa2Cu3O6 may be due to differences in the sintering and cell volume as determined from the neutron diffraction

data. The decrease of the orthorhombicity is nearly twiceannealing procedure and to the fact that our samples were
quenched. The partially oxidized samples are considered as large for the samples with lower oxygen content (series

B). This behavior is dependent mainly on the shorteningto be well underdoped and Ca substitution results in the
doping of the CuO2 planes with holes which increases Tc . of the b axis, as the orthorhombicity decreases more rapidly

close to the transition from orthorhombic to tetragonalFurthermore, a Tc plateau has been observed in this system
at oxygen contents close to those determined for the sam- symmetry at values of d P 0.65 (4).
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FIG. 6. Bond length changes around the Y and Ba sites in Y12xCaxBa2Cu3O72d samples [series A (n), series B (,), series C (l)]. The data
from the work of Jorgensen et al. (4) on YBa2Cu3O72d has been included as a comparison (.). Error bars are smaller than the symbols.

Figure 6 shows that the bond length changes around the superconductivity in this system. Moreover, the CuO2

planes are flattened at a faster rate in Ca doped samplesY site. The increase of the Oplane–Oplane distance and the
decrease of the Cu(2)–Cu(2) distance along the c axis are than in undoped samples due to the lower charge at the

Y site in the former samples. It can also be observed thatexpected to be partly due to the introduction of Ca at
the Y site. Jorgensen et al. (4) reported on the structural the Cu(2)–Cu(2) distance remains constant with Ca doping

in the tetragonal samples. Thus, the Cu(2)–Cu(2) distancechanges that occur in Y-123 as a function of the oxygen
deficiency and include samples with d 5 0.40, 0.45, and is associated with the transfer of charge between the planes

and the chains, as there is no clear evidence of such an0.52 in their investigation. These compositions are close
to those studied in series B in this work and a comparison effect taking place in this series. Therefore, in the tetrago-

nal samples, the Cu(2)–Cu(2) distance remains constantshowed that with increasing oxygen deficiency, the ob-
served bond length changes are more marked in Ca doped due to the absence of charge transfer, and the Opl–Opl

distance increases due to the charge and size of the Ca ion.samples than in undoped samples. Considering, e.g., the
Opl–Opl distance, the observed increase in the three series Figure 6 also illustrates the changes in bond lengths

along the c axis that could be associated with the nonisova-is due to the introduction of Ca at the Y site, as this distance
increases only slightly for 0 , d , 1 in the undoped samples lent substitution, i.e., the Ba–Y and [Ba–Opl]z distances.

With the decrease in charge at the Y site and oxygen(4). Thus, although the changes observed for the ortho-
rhombic samples are mainly caused by the oxygen defi- depletion, the Ba ion is expected to be displaced toward

the CuO2 planes, which is indeed observed. However, theciency, an additional contribution is due to the lower posi-
tive charge at the Y site, as has been discussed for main reason for this displacement seems to be the depletion

of oxygen from the single chains, as the decrease of thecosubstituted Y-123 samples, e.g., Y12xCaxBa2Cu2.7Co0.3

O72d (29, 30). These trends for the Opl–Opl and Cu(2)– Ba–Y distance is not so significant in the tetragonal sam-
ples. Thus, while the planes are mainly affected by CaCu(2) distances have also been observed in Ca doped Y-

124 samples where the oxygen content is constant (31). doping, the chains are to a large extent only affected by
the reduced oxygen content. The latter effect can be de-The puckering of the CuO2 planes decreases with Ca

doping for all three series of samples indicating that it has duced from the Cu(2)–Cu(1) distance that remains unaf-
fected in the tetragonal samples.no direct relation to the suppression or appearance of
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Charge transfer has been established in the case of a tural trends observed in the orthorhombic samples are
a combination of the effects of Ca doping and oxygendecrease of the oxygen content in Y-123. The bond lengths

related to this model concern the apical oxygen that moves depletion, while in the tetragonal samples, the effects of
Ca doping predominate.away from the CuO2 planes as Tc decreases; see Fig. 7.

The same changes are observed for the Ca doped series
although less markedly in the tetragonal samples which 4. SUMMARY
would indicate that the holes that are introduced at the
Y site with Ca substitution remain at the CuO2 planes. We have presented a study of the structural changes
Furthermore, in the tetragonal samples, the [Ba–O(4)]z occurring upon substitution of Ca for Y in a series of
distance, which is an indicator of charge transfer, was also YBa2Cu3O72d samples with different oxygen contents. A
found to remain unaffected by the substitution. decrease of the oxygen content was observed with increas-

The structural changes lead to several conclusions. First, ing Ca substitution in orthorhombic samples. The decrease
Ca substitution has a large influence on the oxidation and of Tc in fully oxidized samples can be associated to over-
reduction processes that take place during annealing and doping and the structural changes mainly to the induced
doping. Second, the appearance of superconductivity in oxygen depletion at the single chains. At lower oxygen
the tetragonal samples is not reflected in any anomalies in contents, the substitution of Ca in orthorhombic samples
the trends observed for the bond lengths. Moreover, the causes an increase in Tc that is related to the compounds
trends in the structural changes do not directly reflect the being underdoped. The changes in cell parameters for
degree of oxidation of the CuO2 planes. Third, the reduced these samples were found to follow the same trends and
positive charge at the Y site induces a redistribution of reflect the oxygen depletion at the CuO chains and the
holes between the CuO chains and the CuO2 planes. Ca lowered charge at the Y site. In the tetragonal samples,
doping increases the hole content at the CuO2 planes which superconductivity appears at a Ca content about x 5 0.1.
leads to a decrease of Tc in overdoped samples and an The oxygen content remained constant in these samples
increase of Tc in underdoped samples. Finally, the struc- and no significant charge transfer was indicated by the

structural changes.
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