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Abstract

Intrinsic strain is well known to influence T, and j. of the classical
superconductor NbsSn. Similar effects, which can be even more
pronounced, have been found in high-T, superconductors (HTSs). The HTS
properties typically depend on hole doping of the CuO; planes. This hole
concentration can be influenced by doping with substituting atoms or by
changing the oxygen content, which can easily be done for RE-Ba;Cu30,
(RE-123) materials. In addition, the hole doping can be massively
influenced by ordering effects within the HTS material and in the case of
RE-123 by charge redistribution caused by applied strain and/or pressure. In
most cases an anisotropic strain sensitivity is found for HTS materials.
Using literature data from doped RE-123 and new data from uniaxial
pressure experiments the possible mechanisms for the change of
superconducting properties are analyzed. Finally, literature data from other
HTS materials are used to show that similar mechanisms occur for these
HTS materials too. Targeting the development of actual HTS conductors
these properties may be covered by technical problems yet. However, for
future HTS cables the problems arising from uniaxial strain effects have to

be addressed.

1. Introduction

For Nb3Sn it is well known that intrinsic strain is caused by
cooling down from reaction temperature, that is necessary
to form the superconductor. This strain is increased by
the influence of the jacket material, that usually has a
higher thermal contraction during cool-down to the operation
temperature of 4.5 K. The resulting compressive strain
drastically reduces the critical current density j..

For HTS material the main challenges are actually to
optimize pinning, grain boundaries and grain orientation and to
deal with the problem of crack formation and an optimization
of the production line for good performance and long lengths
with an acceptable price per metre. The R&D work was
concentrated on these issues and has led to Bi2223 tapes that
can be purchased as an industrial product. For YBa,Cu;0,
the problem is to transfer the promising results obtained on
short lengths using expensive vacuum methods to cheap non-
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vacuum methods that give similar performance for long lengths
with an acceptable price per metre. However, when the target
has been reached we will have to face similar problems that
we know from the well developed Nb3Sn. We will have to
deal with intrinsic strain dependences that for the HTS are not
uniform with respect to the strain direction. In addition there
are effects that are not known from classical superconductors.
We will use YBa,CuzO, (Y-123) as an example material
and demonstrate the different mechanisms influencing the
superconducting properties; we will show that most of these
are also present for other HTS materials.

From bending experiments it is known that the critical
current j, of thin YBa>Cu30, films can be massively changed
by tension or compression [l1]. For tension and higher
compression j. is decreased, which is mainly a consequence
of crack formation. However, for small compressions there
is a j. increase and the monitoring of the normal state
resistance shows that this is not an effect of crack closure but
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should be an intrinsic feature of the material. On the other
hand, such a complicated system consisting of a deposited
film on a substrate makes it difficult to find the true origin
unambiguously. Fortunately, a lot of basic work has been
done to investigate the effect of compression on T, using single
crystals or polycrystalline material [2-4].

For HTS materials it has been shown that there is a massive
influence of pressure on T.. The highest T. reported so far
is 164 K at 31 GPa for the Hgl223 compound [5], which
demonstrates that hydrostatic pressure can increase the onset
of T, drastically from 135 K at ambient pressure. On the
other hand, when other HTS materials are investigated different
effects of hydrostatic pressure are found. There is a fast
increase with saturation at a moderate pressure of 2 GPa as
for T12212, a strong negative pressure dependence as for the
T1-221 material or an increase of T, even to a pressure of 8 GPa
as found for Bil_ﬁng0_33Ca|_35$r1_75Cuz_g,50,( [2]

One key to this complex behaviour was to understand
the importance of the hole density ny in the CuQ, planes
which are a common feature of the HTS materials. 7, seems
to be determined by the hole density in the CuQO, planes in
a universal way [6, 7], generating a 7. maximum at n;, =
0.16 holes/CuQ, plane with a parabolic 7, decrease at lower or
higher hole densities. Although for different HTS compounds
the maximum transition temperature T; , at optimal doping
nhop 18 different, a plot of T.(np)/ Te max as a function of iy
gives one universal parabola. Optical measurements supported
the idea of such a parabolic T,/ T, n.x dependence [8] and j.
shows in the slightly overdoped area (beyond the optimum
yopt = 0.16 holes/CuO; plane) a sharp maximum [9]. To
investigate the influence of different hole contents a systematic
doping of samples is necessary, which is described in the next
section.

A change of the hole content ny, in the HTS material can
be initiated by chemical doping or by change of the oxygen
content. In the case of RE-Ba;Cus0, the oxygen content
x = 6+ y can be changed very easily because for this material
a Cu—0 chain layer exists in which the oxygen content y can
be varied between y = 0 and 1 by annealing the sample at
a well defined temperature and oxygen partial pressure [10].
For other materials oxygen can be brought in interstitial sites
which, for example, is easy in the case of Bi;Sr,CaCu,O,
(Bi-2212) but difficult in the case of (Bi, Pb),Sr,Ca;Cu;0,
(Bi-2223). As a consequence Bi-2122 can easily be optimally
doped or even overdoped [11], but for Bi-2223 an annealing
under high oxygen pressure of several MPa is necessary to
reach optimal doping [12].

In this paper we concentrate on doped RE-123 single
crystals to take advantage of the easy adjustability of the hole
content ny, by changing the oxygen content with annealing
under well controlled conditions as described above. New
uniaxial pressure T.(p) data from an ISTEC YBa;Cu3Og o5
single crystal are shown. Because of the big crystal size, this
crystal [13] allows us to measure uniaxial pressure effects
in the a-, b- and c-axis direction directly. The crystal is
placed between two sapphire pistons that can be pressed
together by means of bellows pressurized with He gas [14].
For T, determination susceptibility measurements were used.
To show the results in a complete picture we first discuss
1. and dT./dp of doped RE-123 using published data from
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Figure 1. T./T. ... as a function of the hole content ny, of the CuO,
planes. The Nd-123 samples cover the underdoped region while
with the Y-123 samples a slightly overdoped region can be reached.
To obtain strongly overdoped samples Ca doping was used.

experiments that have been performed in our group. Starting
with hydrostatic pressure experiments on Y-123, Ca doped Y-
123 and Nd-123 [4, 15-17] we discuss uniaxial pressure in
c-axis direction [4, 17]. This will lead directly to the new
measurements of the uniaxial pressure effect in a-, b- and c-
axis direction. To complete the picture the effect of oxygen
ordering is outlined next, followed by a discussion about if
such effects are limited to RE-123 or can be found for other
HTS materials too.

2. Effect of hydrostatic pressure on T,

The universal T./T. nax(ny) profile of the samples covered
by these experiments is shown in figure 1. For Nd-123 the
oxygen doping makes the underdoped area accessible. In
the case of Y-123 even the slightly overdoped region can be
reached. To prepare strongly overdoped samples Y-123 has
been doped by substituting 10% or 20% of the Y** ions by
Ca® ions. The resulting 7. and the pressure effects on 7.,
dT./dp, of these samples is shown in the left part of figure 2
as a function of the oxygen content x. Obviously is it difficult
to make out any kind of systematic context. However, as
explained above it is more meaningful to display d7./dp as
a function of ny,, as was done in figure 2 on the right-hand
side. For the overdoped and the weakly underdoped region
a linear dependence of dT./dp(ny) is visible. For stronger
underdoped samples (n, < 0.14 holes/CuQ, plane), dT./dp
strongly depends on the sample type. This complex behaviour
seems to be connected with the occurrence of the ortho-II
phase, in which the periodicity of the crystal lattice in the
a-axis direction is doubled by the occurrence of alternating
full and empty CuO chains and which is most pronounced
for Y-123, less visible for Nd-123 and almost suppressed for
the Ca-doped samples. The underdoped region will not be
discussed in detail in this paper because we will focus on
conductors that are relevant for technical applications. More
details about the underdoped region can be found in [4]. The
T.(ny) values plotted in the upper part of the figure have been
taken from [8] to demonstrate the cross check of the parabolic
T.(ny) dependence by determining ny, directly using optical
methods. For all samples shown in the present study the ny
values have been calculated using the 7,(ny) parabola [6, 7].
As a consequence all T, (ny,) values are exactly on the parabola
by definition.
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Figure 3. (a) T, changes due to uniaxial c-axis pressure from several YBa,Cu;0, samples [4, 17]. (b) 7. changes caused by a plane

compression d7; /dp,, = dT,/dp — dT./dp. of YBa,Cu;0, [17].

3. Effect of uniaxial c-axis pressure

To investigate the origin of the pressure effect d7./dp,
single crystals have been investigated that allow an oriented
application of pressure. For a- or b-axis pressure a uniaxial
pressure application is difficult because most single crystals are
thin in the c-axis direction and tend to break during pressure
application. For c-axis pressure a measurement of d7,/dp
is much easier. Figure 3(a) shows on the left-hand side the
dT./dp for uniaxial c-axis pressure. The results give for
np > 0.1 holes/CuQ, plane a linear d7./dp dependence
with a zero-pressure effect for optimal doped samples at n, =
0.16 holes/CuO, plane. This can be explained by assuming a
constant hole transfer with the application of c-axis pressure.
As a consequence of this simple assumption the pressure effect
dT./dp is just the derivative of the T.(ny) parabola which is
shown in figures 1 and 2. This simple picture seems to be valid
assuming a hole transfer of 3.1 x 1073 holes GPa~! from the
overdoped region down to a hole content of 0.11 holes/plane.

It is quite surprising that such a simple model can describe
the effect of c-axis pressure. What may be the origin of
this hole transfer? A clue to this behaviour has been found
in structural investigations under pressure [18]. Neutron
investigations showed that the apical oxygen atoms are moved
with increasing pressure towards the CuO, planes whereas
the positive charged Ba atoms move towards the CuO chain
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layer (see figure 4). From structural calculations it was found
that mainly c-axis pressure is responsible for this movement
whereas a- or b-axis pressure do not change the position
of these atoms [19]. The shift of the negative charged
apical oxygen atoms towards the CuO; planes makes it more
attractive for holes to go to the CuO, planes whereas the
shift of the positive charged Ba atom makes it less attractive
to be in the CuO chain layer. As a consequence holes are
redistributed from the CuO chains to the CuO; planes. There
is no generation of new holes but this redistribution from the
CuO layer to the CuO; plane increases the number of holes ny,
in the CuO; plane.

Knowing the effect of uniaxial c-axis pressure gives
the possibility to calculate the effect of a simultaneous
compression in a- and b-axis directions which corresponds
to a plane compression that may occur when a thin HTS film
is deposited on a substrate with a larger thermal contraction
during cool-down or even with a lattice mismatch between
substrate and superconductor. To calculate this effect of a plane
compression for YBa,Cu;O, we use data from hydrostatic
experiments [4] and subtract the effect of c-axis compression as
displayed in figure 3(a). Figure 3(b) shows the resulting effect
of a plane compression. For overdoped and optimal doped
samples there is almost no pressure effect visible, whereas
dT./d p,, increases with decreasing ny,.
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Figure 4. Major changes of atomic positions of YBa;Cu;0, under
pressure seen from structural investigations [ 18] and found by
calculating the effect of c-axis pressure [19].

4. Effect of uniaxial pressure in a-, b- and c-axis
direction

As the pressure effect of a plane compression for optimal doped
YBa,CuzO, is almost zero, the obvious question is whether
the individual pressure effects in a- and b-axis directions give
zero-pressure effects, too. As has been argued above, a direct
measurement is difficult because such thin crystals tend to
break under uniaxial a- or b-axis pressure. However, we had
the possibility to measure a thick crystal made by ISTEC [13]
with dimensions @ x b x ¢ = 1.3 x 1.5 x 0.7 mm®. Figure 5
gives the result of these measurements, which clearly shows
that only the pressure effect in the c-axis direction is zero.
Applying pressure in the a-axis direction results in a clear
decrease of T. while a compression in the b-axis direction
enhances 7;. This shows that the zero pressure effect shown
in figure 3 for a plane compression is just a combination of
a non-zero a- and b-axis pressure effect which cancel each
other. To obtain more information about individual pressure
dependences in a-, b- and ¢-axis direction an indirect method
can be used to calculate these values from the jump in the
thermal expansion together with T, Vi,o and specific heat data
using the Ehrenfest relation (details may be found e.g. in [20]).
These investigations confirm the results and show that even
for underdoped samples the pressure effects in a- and b-axis
directions are non-zero.

The results shown in figure 5 have been obtained by
changing pressure at temperatures below 110 K only and the
sample was kept during the whole measurement at such low
temperatures. That this is essential to obtain correct results
will be more clear with the following discussion of oxygen
ordering.
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Figure 5. Effect of uniaxial pressure in a-, b- and ¢-axis directions
for YBa,CusOg g5.

5. Effect of oxygen ordering in YBa;Cu30,,

The first d7./dp measurements reported for YBa,Cu30,
showed a large scatter that was not well understood. The
differing results originate in different experimental procedures
to measure dT; /d p and can be seen in figure 6. When pressure
is applied at low temperatures (here 85 K, see figure 6(a))
a d7./dp of 7.4 K GPa~! is found, but when pressure is
changed at 293 K d7./dp is increased to 11.5 K GPa~'.
The oxygen content was surely not changed because the
experiments were performed under helium atmosphere and
the full reversibility visible in figure 6 demonstrates that
no loss of oxygen occurred (more details can be found
in [21, 22]). The origin of these different results can clearly
be explained considering systematic quench experiments on
oxygen deficient YBa,;Cu;0, samples by Claus er al [23].
In these experiments samples were quenched from 230°C
and 7. was measured after ageing for different time periods
at room temperature. The freshly quenched sample showed
no superconductivity, but with increasing annealing time T,
develops, being e.g. 14 K after 14.7 h of annealing or 21 K
after 720 h of annealing. A change of the oxygen content
at that low temperature could be excluded but this effect
could be attributed to oxygen ordering, which forms well
defined CuO chains after sufficiently long annealing time at
room temperature. After quenching, the oxygen atoms are
randomly distributed and there is no hole doping of the CuO;
planes. Annealing at room temperatures does not change
the oxygen content but allows the atoms to move and to
form CuO chains. With the formation of these chains during
annealing an effective hole doping of the CuO, plane begins,
which is responsible for the increasing 7;. value with increasing
oxygen ordering. Using neutron diffraction it was shown that
the oxygen ordering process is connected to a shrinkage of
the unit cell in the directions of the a-, b- and c-axes [24].
As a consequence, with the application of pressure a higher
degree of oxygen ordering is favoured if pressure is applied at
temperatures high enough to allow oxygen ordering processes
to occur, This is demonstrated in figure 6(b). Directly after
pressure application T is increased to 70.4 K. Then the sample
is brought frequently to room temperature for the time that is
displayed in figure 6 (data points 2-8). T increases and reaches
a saturation temperature of 72 K after approximately 90 h of
annealing at room temperature. The same steps are shown in
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Figure 6. (a) Pressure effect d7.. /d p measured with pressure application at 293 and 85 K including the 7, change with increasing annealing

time [21]. (b) 7. increase with time of annealing at 293 K [21].
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figure 6(b) and demonstrate that the resulting 7. matches the T,
thatis reached with a pressure application at room temperature.

These results clearly show that for YBa;CuszO, the
resulting 7. is not only determined by the oxygen content x,
but is massively influenced by oxygen ordering. This oxygen
ordering is thermally activated [25, 26] which can be seen in
figure 7. The oxygen ordering process is visible in this thermal
expansion experiment and upon cooling we find a glassy
transition when ordering possibilities are frozen. The ordering
temperature is pressure dependent and for an oxygen content of
x = 6.94 an activation energy of E5 = 1 eV is found. Under
pressure E is increased withdE 4 /dp = 78 meV GPa™' (see
figure 7(b)). As aninset dE, /dp is shown as a function of the
unit cell volume, too.

6. Effect of oxygen ordering and pressure for other
HTS materials

At first glance oxygen ordering seems to be restricted to
YBa,Cu;0,, because only this material has CuO chains where
oxygen ordering is well known to occur. On the other
hand, investigations of Hg-1201 show that similar effects exist
although this compound has no CuO chains [27]. When
pressure is applied at room temperature the resulting 7.
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changes are clearly different in comparison to experiments
where pressure is changed at temperature below 55 K. Similar
effects are found for Tl superconductors—and again there are
no CuO chains [28-30]. For BiSCCO the situation is more
complex. Similarly as for other HTS compounds the resulting
oxygen content is influenced by the annealing conditions. For
the two-layer compound Bi-2212 moderate oxygen partial
pressures can be used to obtain an optimally doped sample [11].
Consequently, for higher oxygen partial pressure the T is
depressed because the sample is overdoped. Ordering effects
have not been reported yet, although annealing effects on
T. have been seen for quenched samples recently [31]. For
Bi-2223 it is very difficult to obtain optimal samples [12],
e.g. a sharp T, of 109 K is reached by annealing at 500 °C for
100 h and at an oxygen pressure of 10 MPa. When moderate
oxygen partial pressures are used the resulting sample will be
underdoped and with an increase of the oxygen content the T,
will be higher.

As explained above for RE-123, beside oxygen ordering,
pressure can change 7. by pressure induced hole transfer
and by a more complex mechanism that results in different
signs for a- and b-axis pressure. The pressure induced hole
transfer has not clearly been seen for other materials, but
different uniaxial pressure dependences even with different
signs are very common for HTS materials. For example,
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the uniaxial pressure dependences d7./dp; of Bi-2212 are
+1.6 K GPa~', +2 K GPa~! and —2.8 K GPa~' in a-, b- and
c-axis directions, respectively [32]. For La;_,Sr,CuOy the
values are +7 K GPa™'; +5.9 K GPa~' and —13.8 K GPa™'
in a-, b- and c-axis directions, but these values change in
an individual way with increasing Sr content x [33]. This
illustrates that for HTS material, and especially for Bi-
compounds and Y-123 that are most interesting for technical
applications, we will have a complex strain dependence of
superconducting properties. At the moment other problems
like phase purity or grain alignment dominate the development
of HTS conductors. However, with increasing quality of the
production line the described annealing and ordering effects
must be considered for the ongoing optimization of these HTS
conductors.

7. Conclusion

Ditferent uniaxial pressure dependences d7;/dp in a-, b- and
c-axis directions have been found for YBa,CusO,, which even
show different signs depending on the pressure direction. In
the case of optimal and overdoped YBa,Cu;0, the pressure
induced charge transfer explains the strong 7. changes by
axis compression very well. Additionally, pressure induced
ordering effects exist that have their origin in oxygen ordering
in the CuO chain layer of YBa,Cu30,. A check of literature
data shows that similar effects can be found for other HTS
materials, too. For example, LaSCO and BiSCCO show
different uniaxial pressure dependences in a-, b- and c-axis
directions. Changes of the superconducting properties due to
annealing and applied pressure can also be found in TI and
Hg compounds, although no such CuO layers exist. At
present for production of HTS tapes of course other problems
are dominant, but uniaxial pressure (strain) dependences will
surely influence the performance. Charge transfer or ordering
effects may be seen for optimized conductors.
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