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ABSTRACT

A 10% Ca-substitution in 124 leads to an increase of the Tc from 80K to 90K.
Nevertheless, room temperature x-ray and neutron diffraction measurements do not
show a contraction of the apical bond in Ca-124, like in the case of 123. The
dependence of the bondlengths of 124 and Ca-124 as a function of temperature
between 300-100 K has been determined with x-ray single crystal structure refinement
of several crystals. The results of one crystal show that the Ca-substitution causes at
lower temperatures a contraction of the apical bond, and a decrease of the
orthorhombicity. This indicates that in all members of the Y-Ba-Cu-O family the
contraction of the apical bond is associated with the increase of the positive carrier
concentration and increase of the Tc : This is achieved in 123 with variation of the
nonstoichiometry of the single chains, in 124 with pressure, and in Ca-124 with the
thermal compression at low temperatures.
In addition, Ca-124 shows a structural phase transition at 150K, the assumed spin gap
opening temperature. The bondlength changes accompanying this transition have been
measured.

1. Introduction

After the high pressure synthesis of YBa2Cu4O8 (124) has been achieved (1), it has
been shown that doping with Ca increases the Tc by 10 K, from 80 to 90K ((2). The
authors assumed that this effect was due to Ca2+ (ion.rad. 1.12 A) substituting Y3+

(ion.rad. 1.02 A) thus increasing the hole concentration and therefore Tc. In view of the
lower hole concentration of 124 (as compared to 123) (3), this explanation seems
reasonable, particularly as Ca-123 has a lower Tc than 123 (4), because it is overdoped.
Later, it was also shown that substitution with Sr (Sr2+ ion.rad. 1.26 A) does not change
the Tc of 124 (5,6), which was explained with substitution of the much larger Ba (ion.
rad. 1.42 A) (5).
A drawback of the above investigations was that no clear and direct structural evidence
could be found from powder x-ray work (7) concerning the substitution site of the
alkaline-earth in the 124 lattice. In view of the complexity of the perovskite substitutions
we considered also alternative explanations for the increase of Tc in Ca-124. Of the two
existing possibilities ( Y3+ and Ba2+sites) for the incorporation of Ca in the 124 lattice,
only the first is accompanied by a change of the electric field gradient and possibly of the
carriers concentration. Substitution in the Ba-site is not expected to change directly the
carriers concentration. Indirectly, however, a chemical pressure effect might result from
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a lattice contraction due to the much smaller radius of Ca + . As we have shown in the
past the pressure effect on Tc is large in 124 (7a) , resulting to an appreciable
contraction of the apical bond (8,9), and increase of the charge transfer and Tc (up to
110K). Originally we have expected that also the increase of Tc in Ca-124 is due to the
contraction of the apical bond. However, a first room temperature investigation of the
apical bond length by powder neutron diffraction did not show any appreciable
contraction in samples with Tc = 90 K (10)., leaving our internal pressure hypothesis
without support.
On the other hand, NQR measurements at room temperature and 100 K did not find any
shift of the Cu frequencies in Ca-124 (11,12,14). This indicated no change in the electric
field gradient, which is expected if Ca is substituting Ba (and not Y +) without any
increase of the carrier concentration. Further, EELS measurements at room
temperatures could not find, in the range of the accuracy of the method (20%), any
increase of the hole concentration of 124 with Ca substitution (15,16).
In view of these discrepancies, we concentrated first in finding by structural analysis the
lattice site of the Ca substitution. At a time that single crystals of Ca-124 were not yet
available, we have performed neutron powder diffraction in samples substituted with

Ca which has an appreciably higher cross-section for neutrons than Y. The results
showed a predominant substitution of Y by Ca (17) . After single crystals became
available, a much more detailed study of the structure was possible. In this paper, the
results of the crystal structure refinement of 124 and Ca-124, both at room temperature
and at temperatures down to 100 K, are discussed in detail. This investigation allowed to
determine not only the temperature dependence of the lattice parameters but also that of
the bondlengths.

2. Single crystal growth of Ca-124

The problems of crystal growth of the HTc-cuprates are partly due to the impurity
incorporation resulting from the chemical reaction of the flux with the crucible walls. In
the particular case of undoped 124 we have found with microprobe, that using A12O3

crucible material, some Al is incorporated in the crystals. In the presence of Ca however,
this amount increases to 0.5at%. Accordingly, 124-crystals grown in alumina crucibles
never reach a Tc= 80K, but have values around 73K. Crystals grown in zirconia or yttria
crucibles have higher Tc's in the range of 78-80K. In the course of this work it was
possible for the first time to grow Ca-doped crystals which reach Tc 's of 79-85K.
Growth in such crucibles at high temperatures and pressures is very difficult. Thus, under
these conditions the melt reacts strongly with zirconia, so that the time available for
crystal growth is very short. Fortunately, the reaction products are not diamagnetic and
therefore do not seem to influence the superconducting properties of the crystals. Better
results are achieved with yttria crucibles, but the problem here are the mechanical
properties of the crucibles
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3. X-ray Single Crystal Structure Refinements.

The crystals for structure analysis were black rectangular plates with maximum
dimensions of 0.3 x 0.3 x 0.02 mm3. The main face was always (001), and usually the b-
axis ran parallel to the longest edge of the crystal. The crystals have all been checked on
an x-ray Buerger precession camera for superstructures, twinning, and intergrowth.
Suitable crystals were mounted on a four-circle single-crystal diffractometer (Siemens
P4) using graphite monochromated MoKa radiation (A. = 0.71073 A). Intensities were
measured of the half Ewald sphere in the range 3° < 20 < 70 °, with the co-20-scan. The
crystals were cooled by directing a stream of cold nitrogen gas over the sample, reaching
a minimum temperature of 100 K. The outlet of the ^-stream was mounted on the x-
circle of the diffractometer and positioned to a distance of 5 mm to the crystal. Due to
this separation the temperature of the crystal was about 5 ° higher than the temperaaire
of the nitrogen stream. Ice formation was avoided by using an additional warmer outer
N2 stream. Analytical absorption corrections using the distances of the crystal faces were
applied to the data, and the intensities were averaged in the Laue group mmm and
reduced to structure factors. Weighted reflections with F > 2a(F) were used for full
matrix least squares refinements of the structural parameters. Positional and anisotropic
thermal parameters of the crystals were refined. The Ca contents were determined by
introducing Ca at the Ba and Y sites, constraining the total occupancy to 100 % and
refining the Ca/Ba and Ca/Y ratio. The Ca-content and the weighting scheme were kept
fixed for the refinements of each crystal at different temperatures. The Ca-124 crysials
investigated in this work had a Ca-content of approx.6%. The refinements converged at
R-factors between 3.7 and 6 %, depending on the temperature. All structural calculations
were performed with the program SHELXTL (17a).
Since the measurements and calculations are rather time consuming - up to one week for
a crystal at each temperature - for some temperatures only the lattice parameters were
measured. The same set of 30 reflections was centered for each temperature, and the
lattice parameters were refined.
Due to the difficulties with crystal growth, not all crystals show the same behaviour.
Thus, although the structural data of several crystals show changes of slope as a function
of temperature ,there are also crystals which do not show clear changes. Also ihe
temperatures at which the slopes are changing are not completely reproducible at
present. This is partly due to lack of measurements at many temperatures, resulting from
the long times necessary. For the dependence of the bondlengths on the temperature we
would like to stress that up to now the effects which we present here were measured in
one crystals. Two other crystals investigated did not show appreciable effects. Funher
progress in crystal growth (increase of the Tc and higher purity) are important in order to
continue these investigations.

4. Experimental results
4.1 Room temperature structure refinements of 124 and Ca-124 single crystals.
The refinement results of room temperature measurements of undoped and Ca-doped
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Fig. 1 a-c) Lattice parameters and d) unit cell volume of a single crystal of 124 as a function of
temperature. As it can be seen, heating is not reproducing the cooling data. The lattice shows a thermal

remanence.
124 single crystals have been described recently (17b). Ca is incorporated mainly at the
Y site in the crystal structure. Newest results show, that at higher Ca concentrations ( >
6 %), also substitution of the Ba site begins. The substitution of the small Y3+ by the.
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larger Ca2+ leads to a widening in c-direction of the adjacent oxygen planes in the Ca-
124 crystals. Barium is shifted toward yttrium with increasing Ca-content, probably due
to the reduced electrostatic repulsion by the partial replacement of Y3 + by Ca2+ . No
differences have been observed in the apical bondlength of undoped and Ca-doped 124
crystals

4.2 Lattice parameters as a function of temperature
The main difficulty found in this investigation is the remanence appearing in the structure
as a function of temperature. Indicating that due to strains the equilibrium position of the
atoms cannot be reached. This effect is illustrated in Fig.la-d for the lattice constants and
the lowest temperature, it is largest for the a-axis and the unit cell volume, as it has been
confirmed with several crystals. To avoid this difficulty the results of two 124 and two
Ca-124 single crystals presented in this work were received only in the cooling mode.
Figure 2 shows the dependence of the a- lattice parameter as a function of temperature
for these crystals. Incorporation of Ca decreases the a-parameter. This effect becomes
stronger at lower temperatures, probably associated with the changes of slope appearing
around 150 and 200K. The two Ca-124 crystals show somehow different dependence on
temperature (parallel shift), but the temperatures of the slope changes are similar.
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Fig.2 a-lattice parameter of two 124 and two C-124
Fig.3 b-lattice parameters as a function of temperature single crystals as a function of temperature.

Figure 3 shows the temperature dependence of the b- lattice parameter. Ca leads to a
smaller contraction. The temperature dependence ceases or becomes smaller at lower
temperatures This is in agreement with previous investigations (8) showing that the b-
axis is more rigid. The data of the two Ca-124 crystals almost overlap.
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Fig. 4 Temperature dependence of the orthorhombicity
Fig. 5 Temperature dependence of the c-parameter

The temperature dependence of the orthorhombicity (Fig.4) is interesting. The Ca-
containing crystals have orthorhombicities increasing with temperature. One of the 124
crystals has orthorhombicity decreasing with temperature. This behaviour has been
confirmed with other 124 crystals also. The second 124 crystal coincides with the first in
the temperature range 300-200K. Its orthorhombicity, however, increases at lower
temperatures. This crystal has been grown from a Ca containing charge but EDAX
analysis was not sensitive enough reveal any Ca. Nevertheless, its orthorhombicity shows
a rather similar temperature dependence like that of the Ca-124. We may conclude,
therefore, that Ca-124 crystals show at lower temperatures much higher (up to 30%)
orthorhombicity than 124 crystals, due to the much stronger contraction of the a-axis
than of the b-axis.
The existence of a structural transition at approx.l50K is more clearly indicated in the
temperature dependence of the c-parameter (Fig. 5) particularly of the Ca-124 crystals.
The change of slope is better seen in Figure 6 where only two curves are shown. All
crystals of Fig.5 show up to 1.5% jumps in the range 140-160K. In the 124 crystals the
effects are appreciably smaller, but also visible.
Figure 7 shows the thermal contraction of the unit cell volume with the Ca-substitution.
At 100K the volume of Ca-124 is approximately 0.5% smaller than the volume of 124,
leading to a stronger coupling in the superconductivity region. Also, the thermal
contraction of Ca-124 between 300-100K (0.5%) is comparable with the unit cell



111

volume contraction of 123, resulting at room temperature from the change of the oxygen
nonstoichiometry from x=6.5 to 7.0 (0.8%). We may, therefore, conclude that the carrier
concentration change in Ca-124 with cooling is comparable to that in 123 at room
temperature resulting from the oxygen nonstoichiometry.
The change of slopes at approx. 150K is also clearly seen for one of the "undoped" 124
crystals, in Fig. 7.
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Fig. 6 Discontinuities at approx. 150K of the c-parameters of a Ca-124 (triangles) and a 124 crystal as a
function of temperature. Note the shift of the co-ordinates.
Fig. 7 Temperature dependence of the unit cell volume

4.3 124 and Ca-124 single crystals: Temperature dependence of the Bondlengths.
Some of the results of temperature dependent single crystal x-ray structure refinements
have been published recently [17c]. To make the discussion of bondlengths and
interatomic distances easier Fig. 7a shows a structural model of 124.
The highest accuracy of the x-ray investigations is achieved for heavy atoms with large
number of electrons. In the Y-Ba-Cu-0 phases these are Ba and Y atoms, so that the Ba-
Y interatomic distance is the most accurately measured in these structures. Thus it was
interesting to see if the change of slopes of the lattice parameters at approx. 150 and
200K correspond to lattice changes reflected in the Y-Ba interatomic distance.
Figure 8 shows that for a Ca-124 crystal the transition at approx. 150K is clearly seen in
the Y-Ba interatomic distance. This is the first time that structural work has directly
proven the existence of this transition. Up to now the existence of a structural transition
has been assumed from the specific heat and elastic constants measurements,.
the X-ray powder investigations not showing any anomaly (19). The refinement data
show that the transition at 150K does not include change of symmetry but only a
contraction of the Y-Ba bond.
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Fig. 7a Crystal structure of YBa2Cu4O8
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The largest temperature effect in the bondlengths due to the Ca substitution was found
for the apical bond. Figure 9 shows the temperature dependence of the apical bond
(Cu2-Ol) of Ca-124, which contracts in the range 300-100K by 1.2%. We note that the
errorbar for all bondlengths related to oxygen atoms is much larger, as the oxygen site
cannot be determined with high accuracy from X-rays. Nevertheless, the statistic of the 6
measurements support our confidence to the curve. In the same range 124 changes only
by 0.3% due to the normal thermal expansion. For comparison, the room temperature
contraction of the apical bond in 123 due to the oxygen nonstoichiometry is approx. 5%.
(corresponding of course to the much larger Tc range 20-90K).
The existing data show only a small anomaly (inside the experimental error range) at the
transition of 150K.
To find the structural origin of the contraction of
the apical bond the changes of the distances along Fig. 7a Crystal structure of YBa2Cu4O8

the c-axis, i.e. of the complementary Cul-Ol bond
as well as of the Cul-Cu2 cage, are important. Figure 10 shows the temperature

dependence of the Cul-Ol bond. Whereas in 124 the bond is contracting with
temperature, in Ca-124 it is expanding, following the contraction of the apical bond. In
view of the fact that the Cul-Cu2 distance follows the same thermal expansion in 124
and Ca-124 (Fig. 11), it is clear that the difference between these two structures is the
shift of the Ol oxygen from Cul towards Cu2 with decreasing temperature.
Figure 10 shows also an anomaly at 150K for Ca-124 (in the range of experimental
error).
A strong decrease (0.9%) at 150K is shown by the Y-02,3 distance (average of the
02/03) in Ca-124, whereas the 124 curve does not seem to have a deflection from the
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up to now existing data (Fig. 12).
Figure 13 shows the changes of buckling, Cu2-O2/O3. Also here there is a strong effect
(increase) at 150K in Ca-124, but the errorbar is also larger.
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Interesting information about the existence of phase transitions is given also by the
temperature factors Uy (Fig. 14). They express the average deviation of the atoms from
their lattice site, and usually are proportional to the temperature. This behaviour is
shown by the undoped 124 crystal in fig. 14. The Ca containing crystal shows increased
thermal vibrations near 150 K for all heavy atoms (Y,Ba,Fig. 14a; Cul and Cu2 Fig
14b), which shows also the existence the structural phase transition at this temperature.
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5.0 Discussion

This first single crystal X-ray structure investigation of 124 and Ca-124 at lower
temperatures gave two main results. On the one hand it sheds finally light to the increase
of the T cby Ca substitution. The main structural effect accompanying the increase of the
Tc is here the contraction of the apical bond at lower temperatures. On the other hand,
this investigation shows which bondlengths are influenced by the phase transition at
150K. In view of the fact that this is the temperature at which NMR (3) and resistivity
(20) indicate a spin gap opening, this information is of appreciable importance for an
important issue of the suprconductivity models.
The experimental results show that the main influence of Ca in the lattice starts at lower
temperatures. Thus, the apical bond contraction characteristic for the increase of T c of
all Y-Ba-Cu-0 phases, appears in Ca-124 at lower temperatures (Fig. 9). The same
seems to be true also for the strong increase of the orthorhombicity and to a lesser
extent for the contraction of the unit cell volume. All these effects appear in 123 at room
temperature, triggered by the change of the carrier concentration due to the
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nonstoichiometry of the chains. In 124 the carrier concentration is triggered by pressure,
whereas in Ca-124 by the thermal compression at lower temperatures. This is in
agreement with high pressure measurements which have shown that the pressure effect
on the Tc of Ca-124 (0.23K/kbar) is only 50% of that in 124 (0.57K/kbar) (21). It seems,
therefore, that our original idea of internal pressure effects is correct, only that these
effects do not seem to result from the Ba-substitution but are induced from the Y-
substitution in Ca-124 during cooling.
As the largest structural effect observed at low temperatures in Ca-124 is the contraction
of the apical bond, the above results could give additional support to the anharmonic
models. The same is true with the recently published HREM and energy dispersive
nanoprobe measurements indicating that the defects responsible for the
superconductivity of the infinite layer structures are due to the formation of apical bonds
(22).
Phase transitions were observed in Ca-124 clearly at 150K and possibly at 200K. As
mentioned above, the first is quite interesting as it coincides with the temperature where
the spin gap opening is supposed to take place. The structural changes at 150K are the
changes of slope in the temperature dependence of the a- (Fig. 2) and particularly of the
c- lattice parameter (Fig. 5,6) and the changes of the bondlengths : contraction of the Y-
Ba interatomic distance (Fig. 8), contraction of the Y-O2/O3 distance (Fig. 12) and
increase of the buckling Cu2-O2/O3 (Fig. 13), under constant Cul-Cu2 distance (Fig.
11). The contraction of Y-O2/O3 brings nearer the individual Cul-Cu2 blocks and
should increase their coupling along the c-axis. This is also the reason why the effect of
the 150K transition is much more stronger on the c-axis.
Most important is the change of the temperature factors with cooling. The Ueq (Fig. 14)
shows a strong anomaly at approx. 150 K. Both transitions take place without change of
symmetry.
The transition at 200K is reflected feebly in the b- and a- lattice parameters. No
significant changes can be found in the bondlengths at this temperature, possibly because
measurements were made only at relatively few temperatures, and because the observed
effects are inside the error range. The nature of this transition does not seem to be
connected to the superconductivity. An anomaly at this temperature can be seen in the
thermal expansion curve of the c-axis of 124 (18).
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