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Possible pressure-induced valence changes in T1,CaBa,Cu,O; superconductors
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The reported nonlinear pressure dependence of the superconducting critical temperature 7, in
T1,CaBa,Cu,0; can be explained by valence changes deduced from the annealing behavior under various
environments for single crystals of several Tl-Ca-Ba-Cu-O structure types. The pressure data are con-

sistent with partial conversion of T1" to TI**

with increasing pressure (decreasing c-axis length), result-

ing in electron transfer from the T1-O layers to the Cu-O, sheets.

Recently, experiments on single-crystal
T1,CaBa,Cu,0;4 (T1 2:1:2:2) under essentially hydrostatic
pressure conditions to ~6 GPa showed a nonlinear pres-
sure dependence of the superconducting critical tempera-
ture, T,.! Further, previous experiments on sintered
samples had also indicated a nonmonotonic pressure
dependence of T, for T1 2:1:2:2, initially increasing with
increasing pressure, reaching a maximum, and then de-
creasing with further increasing pressures.”? While the
increase in T, with increasing oxygen concentration in
YBa,Cu;0,_5 is consistent with the observation of in-
creasing T, with increasing pressure, the T1-Ca-Ba-Cu-O
systems shows a more complex behavior, including an in-
creasing T, with decreasing oxygen content,** but with a
positive pressure dependence at low pressures.®”® Not-
ing this inconsistent behavior, Moulton and co-workers
recently suggested a theoretical explanation that is based
upon the strong-coupling Eliashberg form of the BCS
theory.! This theory, as applied to a two-dimensional-
like system,’ predicts a nonmonotonic dependence of 7,
on the Fermi wave vector with a maximum 7, when
2kp=q,, where g, is the limiting value of the phonon
momentum for the most important phonon mode. In
turn, kp is a function of both the interlayer spacing and
the carrier concentration. Changing either (or both) of
these will produce the nonmonotonic dependence on T,
that is observed in all the Tl-based cuprates.

The charge transfer effects induced by pressure
changes from the apical oxygen above the Cu-O, sheets
would be expected to be small but present.'® Since to first
order the compressibilities of the layered superconduc-
tors are similar, another more sensitive factor must be
present for the Tl-containing materials. The present pa-
per points out that an additional mechanism involving
pressure-induced valence changes may be present in the
Tl-containing material which would alter simultaneously
the interlayer spacing and the carrier concentration in
the Cu-O, planes. In fact, such valence changes lend sup-
port to the above mentioned general theoretical interpre-
tation and provide an additional mechanism to explain
pressure-induced effects.

Our recent structure studies on single crystals as a
function of annealing have shown a rather complex be-
havior in the Tl-containing materials; namely, that addi-
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tion or subtraction of oxide ions may result in oxidation-
reduction within the charge reservoir rather than between
it and the Cu-O, planes.!""'? Further, these results clear-
ly indicate the possibility of TI* being present in the T1-O
layer even after many hours of oxygen annealing. The
presence of such a TIT-TI3" equilibrium in the TI-O layer
can be inferred from the shift of the more accurately
determined Ba positions in the lattice as the crystal is an-
nealed in the case of both TI 2:2:2:3 and TI1 1:2:2:3.'112
That is, as more oxygen goes into the vacancies in the
TI1-O layer(s) of as-grown crystals, the remaining layers
shift toward the TI-O layer(s); this is best seen by examin-
ing the Ba position relative to the T1-O layer.

Similar detailed data are not currently available for the
TI 2:1:2:2 system. On the other hand, several detailed
structure studies have appeared in the literature on this
crystal type and these are shown in Fig. 1. Note that
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FIG. 1. T, vs Ba z fractional coordinate. This coordinate
scales with respect to the TI** to TI* ratio in the TI1-O layers;
this TI ratio affects the electron transfer to the Cu-O, planes,
particularly as would be involved with a pressure-induced
valence change. Numbers indicated by points refer to data from
Refs. 13-18; the line represents a guide through the points. The
number of carriers (holes) decreases as z increases. Increasing
pressure increases z and decreases the number of carriers as the
larger T1* change to smaller TI** ions.
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there is a consistent trend of T, with the position of the
Ba in this structure type.'® This is similar to the behavior
found in T12:2:2:3 and TI1 1:2:2:3 and can be explained by
the presence of both TI* and TI’" in the TI-O layers de-
pending on the growth conditions and subsequent anneal-
ing to which the crystal or ceramic sample may have
been subjected.

It is also well known that pressure-induced valence
changes occur in various materials, some discontinuous
while others continuous, which are essentially driven by
the difference of the ionic radii of the smaller, higher-
valence compared with the larger, lower-valence state of
a particular constituent.?® In the present Tl-containing
materials, the presence of some T1" ions offers a route for
carrier alteration as pressure is increased and these larger
TI" ions become smaller TI** ions. Then the number of
holes available to the Cu-O, sheets would be decreased as
higher pressures are attained. (Further, the interlayer
spacing is reduced with T1" to TI** conversion.)

Assuming that there is an optimal hole concentration

in the Cu-O, layers (where 2k =g, in the Eliashberg for-
mulation) for a maximum 7, value, the nonlinear pres-
sure dependence reported by Moulton et al.! is con-
sistent with their as-grown TI1 2:1:2:2 single crystals being
slightly overdoped. As increasing pressure is applied, the
TI" to TI*" conversion supplies additional electrons to
the Cu-O, sheets (thus changing k), producing an initial
increase in T, as the optimal doping is approached. At
higher pressures, the Cu-O, sheets become increasingly
underdoped and T, begins to fall. The initial doping is
highly sample dependent because of Ca and/or TI substi-
tutional disorder and initial oxygen-vacancy concentra-
tion. Hence, the pressure for the maximum 7, will vary
for different overdoped samples, while underdoped sam-
ples should have the highest T, at ambient pressure.
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