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PRESSURE-INDUCED OXYGEN ORDERING EFFECTS IN HIGH-T.
SUPERCONDUCTORS
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Oxygen defects in the superconducting oxides are known to exhibit considerable mobility at room temperature.

In some systems this high mobility leads to local axy

gen ordering effects when hydrostatic pressure is applied

at ambient temperature and results in anomalously large changes in T,. Recent experiments on TlyBagCuOg. 5
reveal the existence of two distinct oxygen ordering processes which become activated for temperatures above 60
K and 150 K, respectively. Evidence is discussed for the existence of oxygen ordering processes in YBasCuzOy7_;
which may be responsible for the phenomena of both transient and persistent photo-induced superconductivity.

One of the more promising strategies for fur-
thering our understanding of the superconducting
state in the high-T, oxides is to search for sys-
tematics in the variation of the transition temper-
ature T, with parameters such as the concentra-
tion n of charge carriers per CuO;-plane or the
applied pressure P12 Unfortunately, the true de-
pendence of T, on n or P valid for an ideal isostruc-
tural system is sometimes masked by atomic rear-
rangements or structural phase transitions, some
of which occur in the oxygen sublattice! In spite of
these difficulties, systematic experimentation has
revealed that the true dependence of T, on n or P
is remarkably simple. For hole-doped oxide super-
conductors, T, appears to be a parabolic function
of n3

T. ~ T"**[1 — 82.6(n — 0.16)?], (1)

as seen in Figure 1. The hole-carrier content n in
the oxides can be enhanced in one of three ways:
cation substitution, as in Lag_,Sr,CuO4* an in-
crease in oxygen content? or the application of
high pressure®

Murayama et al® find in high-pressure Hall-
effect studies on oxide superconductors that typ-
ically dlnn/dP ~ +10 %/GPa. This observed
increase in n under pressure would lead to the
expectation from Eq.1 that dT./dP > 0 for un-
derdoped (n < ngy), dT./dP = 0 for optimally
doped (n = ngp ), and dT,/dP < 0 for overdoped
(n > mopt) samples. Unfortunately, as indicated
in Fig.1, this simple charge-transfer model does
not agree well with experiment. For optimally
doped ideal samples, where no pressure-induced
phase transitions are known to occur, it is typically
found that dT./dP =~ +1 to +3 K/GPal:7:89.10
implying that 7, must depend on further variables

thann. As indicated in Fig.1, underdoped samples
tend to have more positive values of dT,/dP and

optimally doped
e dT/dP ~ +] K/GPa
T F
underdoped
dT/dP = +1K/GPa overdoped
dT/dP < +1K/GPa
Te
¢ Mopt n—-

Figure 1: Dependence of T, on hole-carrier content n ac-

cording to Eq.1. Representative experimental values of

dT./dP for underdoped, optimally doped and overdoped
oxides are given. T, = Tmax when n = Nopt

overdoped samples more negative values. These
observations for cation substituted YBayCug O7_s
(Y-123) prompted Neumeier and Zimmermant to
propose that there are two primary contributions
to the pressure derivative of dT./dP, one reflecting
the increase of n with pressure and another “in-
trinsic” contribution arising from all other sources,
namely

dT, dT,.  dn AT
7P i ip) +(55)™ (2)
Since dT,/dn = 0 for an optimally doped sample,

Eq.2 implies that (dT./dP)™ = dT./dP ~ +1
to +3 K/GPa. Using known or estimated val-
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Figure 2: T. as function of annealing time t at room tem-
perature for a quenched sample of YBasCu3zOg 41 (Ref.15).

the bulk modulus B}! Klehe et all%1® have ob-
tained the following values of the exponent « in
T. o< V=< for the intrinsic dependence of T. on
sample volume V at constant n: HgBagCuOy.s
(—1.2240.05), HgBa;CaCuz0445 (—1.19+0.06),
HgBagCagCu303+5 (—1.20i0.05), YBayCuzO7_s
(-1.25+0.06), Tl;BayCuOgys  (—1.3540.4),
leBﬂzC&Cu'zOg.;.g
(—0.940.2), TlBayCayCus0y0ss (~1.16+0.3),
(Bi1.8Pbo.4)Sry.85Caz,05 Cuz 1046 (—1.36),
BigSr2CaCuz0g4 5 (—1.0440.15). This simple ap-
proximate result that 7, oc V™12 must be ac-
counted for by any theory claiming to describe the
superconducting state in the oxides.

As stated above, the true dependence of 7. on
a given parameter can be masked by concomitant
structural changes. In this paper we could like to
summarize the existing evidence that in some, and
perhaps many, high-T, oxides the application of
pressure causes a redistribution within the oxygen
sublattice which can lead to changes in both n and
o 4

In the high-T. superconductors it is well
known that oxygen defects possess a sizeable mo-
bility, even at room temperature (RT)* As seen in
Fig.2, oxygen vacancy ordering in underdoped Y-
123 leads to an increase in T, by ~20K if the sam-
ple is annealed at RT for sufficient time following
a quench to 77K from high temperature!® This
enhancement in T, is believed to arise from lo-
cal oxygen ordering in the CuO-chains which leads
to an increase in the number of Cu't relative to
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:‘: _____
)
=
1) T R
dT./dp = —(0.66.0.02} K/kbar
32 L " L L i .

0 i 2 3 4 5 B
Pressure (kbar)

Figure 3: T. versus pressure for TlsBa;CuQOg g from

Ref.17. Regarding oxygen content, see caption for Fig.4.

Numbers give order of measurement. Points give data for

pressure change at room temperature. Triangles give data
for pressure change at low temperature (50K).

Cu?* in these chains, thereby increasing the hole-
carrier density n in the superconducting CuO,-
planes!® From the data in Fig.2, an activation en-
ergy E4 =~ leV can be estimated 1518 in excellent
agreement with tracer diffusion experiments!4
Following these studies on the influence
of thermal history on oxygen defect ordering,
Sieburger and Schilling!” found that the applica-
tion of hydrostatic pressure can also influence the
degree of oxygen defect ordering. They studied
the pressure dependence of T. for polycrystalline
Tl2BagCuOg4s (T1-2201) using a He-gas pressure
system (Unipress, Warsaw) which allows precise
pressure changes over a wide temperature range.
As seen in Fig.3, if the pressure is applied or re-
leased at RT, T, changes reversibly with pressure
at the rate (dT,/dP)grr =~ —6.6 K/GPa. If, how-
ever, the pressure is varied at low temperatures
(LT) near 50K, no change in T} occurs. The pres-
sure derivative dT,./dP thus depends in both mag-
nitude and sign on the temperature at which the
pressure is changed! Further studies on T1-2201
revealed that (dT./dP)gr is a strong function of
the oxygen content, as seen in Fig.4. For § = 0 or
0.11, the two pressure derivatives (dT./dP) g and
(dT./dP)Lr are seen to assume the same values.
That these anomalous results are not due to
the polycrystallinity of the samples is shown by
very recent studies® on a TI-2201 single crystal
(Figs.5 and 6) where the sharp superconducting
transition in the ac-susceptibility is seen to shift
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Figure 4: Dependence of T, (upper) and the relative pres-

sure dependence dénT./dP (lower) on oxygen content § in

Tl2BagCuOg s for pressure change at both low (LT) and
ambient (RT) temperature.

plied at RT, but to decrease slightly further if the
pressure is released at LT (55K). Our interpreta-
tion of these results has been !7 that the applica-
tion of pressure at RT results in the usual moder-
ate changes in 7. for an ideal isostructural sample,
as described above, plus an anomalous decrease in
T, due to pressure-induced oxygen ordering. This
ordering results in a significant additional increase
in n which leads to an enhanced decrease in 1
for overdoped samples (see Fig.4). On the other
hand, if the pressure is changed at LT (~50K),
the oxygen is frozen in place and thus is unable to
order when pressure is applied. This scenario has
received strong support from neutron diffraction
studies on T1-2201 in a He-gas system where the
lattice parameters are found to depend markedly
on the T-P history!®

Returning to Fig.6, following the release of

| P rolcased at 55K =1

P applied at RT
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Figure 5: ac susceptibility signal versus temperature for a
T1-2201 single crystal showing the transition to supercon-
ductivity at different pressures. Har = 0.15 Qe.

pressure at LT (55K), the TI-2201 crystal was
annealed at progressively higher temperatures
Tanneat, normally for 1 hour (h), before cool-
ing down to determine 7,. This relaxation is
seen in more detail in Fig.7. At selected tem-
peratures additional annealing was carried out for
the total times given in the figure. The essen-
tial (and unexpected) result here is that the re-
laxation takes place in two separate temperature
regimes, a LT regime 60K < Tonnea < 105K
and a HT regime 170K < Thnnear < 270K,
with a plateau inbetween. This clearly points to
the existence of two distinct relaxation processes
within the oxygen sublattice. This two-step relax-
ation phenomenon was first observed by Klehe et
al?>18:20 on 4 polycrystalline T1-2201 sample with
T.(0) ~ 23K . From these studies we estimate that
for the LT relaxation processes, the activation en-
ergy is B4 =~ 0.25eV, whereas for the HT pro-
cesses, 4 =~ 0.72eV. A complete exposition of
these results is given in a separate publication 18

The crystal structure of T1-2201 is shown in
Fig.8. The superconducting CuOy layer is situ-
ated between two Tl,0; double layers which act
as charge reservoirs. Varying the oxygen content
in TlzBazCuOg.s changes the amount § of inter-
stitial oxygen within the Tlo0, double layer. Since
the anomalous effects in dT,/dP appear to disap-
pear for § = 0 or 0.11, as seen in Fig.4, it would
seem likely that it is the interstitial oxygen O(4)
which is ordering rather than the oxygen O(3) in
the T1,0 planes. The concentration § ~ 0.11 cor-
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Figure 6: Dependence of T; on pressure for a T1-2201 crys-
tal. Data points and arrows give order of measurement.

responds to one interstitial oxygen per nine unit
cells in a plane. This may be a particularly stable
configuration which inhibits pressure-induced in-
terstitial oxygen ordering. However, in Fig.4 it is
seen that for § = 0 the sample is optimally doped
and 7, takes on its maximum value (~92K). From
Fig.1 we see that in this case an increase in n, even
if anomalously large, would to first order cause
no change in 7, so that any effects of oxygen or-
dering on n would be expected to have little or
no influence on T,. In fact, parallel Hall-effect
studies'®!®2! have shown that it is the change in
n through oxygen ordering which primarily affects
T¢. In addition, as we discuss below, for samples
with high transition temperatures, T, > 90 K, a
sizeable, if not dominant, portion of the oxygen
ordering may no longer be frozen in at tempera-
tures comparable with T.. It is thus not yet clear
whether the interstitial O(4) or the planar O(3)
oxygen are primarily responsible for the ordering
effects observed. A discussion of the mechanism
by which oxygen ordering affects n in T1-2201 as
well as a model for short-range oxygen ordering
effects involving the planar O(3) oxygen in the
Tl1202 double layer has been given by A.-K. Klehe
at this conference??
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Figure 7: Data from Fig. 6 replotted as T, versus annealing
temperature. Two data series are shown, (o) following (o).

Since the HT relaxation mode in T1-2201 in-
volves activation energies E4 =~ 0.72¢V near those
obtained in tracer diffusion experiments (Ey =
1eV') on other high-T, oxides, it would seem likely
that the HT processes involve the migration of
O(3) or O(4) oxygen from one unit cell to an-
other. On the other hand, the very low value
E4 ~ 0.25eV for the LT relaxation modes would
speak for ordering processes whereby the oxygen
ions never leave the unit cell but rather shift from
one equivalent site to another within the unit cell
(see Fig.8) 13,22

The phenomena of pressure-induced oxygen
ordering is not restricted to the single sys-
tem TI-2201, but has also been found to oc-
cur in superoxygenated LapgCuOy.s2% in oxXy-
gen depleted Y-1232* and most recently in
Tl-le‘g(Tlg_gCao_z)CUQOB_ga,ls Other than for TI-
2201, it has not yet been determined in which tem-
perature regime the oxygen ordering processes are
activated when pressure is applied.

We would like to emphasize that oxygen or-
dering phenomena, whether activated by anneal-
ing temperature-quenched samples or by apply-
ing high pressure, may occur to some extent in
many, if not all, superconducting oxides. This
does not, however, necessarily imply that this oxy-
gen redistribution will lead to a measurable change
in n or T.. For n or T, to change it is neces-
sary both that an ambivalent cation, like thallium
(T1'* or TI*) or copper (Cul* or Cu3* in the
chains of Y-123), be present in the charge reser-



Figure 8: Crystal structure of T1-2201 from Ref.25. Each

oxygen O(3) in the Tl303-double layer has four equivalent

positions. Each interstitial oxygen O(4) within the double
layer has two equivalent positions.

voir and that the local oxygen ordering be capable
of switching the nearby cation from one valence
state to another?? This may be the reason why
(dT./dP)rr ~ (dT./dP) gy in Bi-2212: local OXy-
gen ordering is not capable, for energetic reasons,
of switching bismuth between Bi3* and Bi%+?
What does the cation valence have to do with the
hole-carrier density n in the CuOq-planes? As the
O(3) or O(4) oxygen in T1-2201 order when pres-
sure is applied at RT, some Tl-ions will switch
from a TI®* to a TI'* valence state, thus tying up
two additional electrons which must come from
the CuOq-plane, i.e. an increase in the density of

holes 13.22

Another reason that oxygen ordering effects
have been observed in relatively few high-7. ox-
ides may be that for many systems the values of
1. are simply so high that most of the ordering
has been annealed out at temperatures below T..
Indeed, in TI-2212 (7> ~ 115K) and TI-2223
(T =~ 125K) the values of T} lie well above the
entire temperature region 60K < T near < 105K
where the LT relaxation in T1-2201 is observed. In
the Hg-based superconductors the stability of the
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Figure 9: Pressure derivative of T, for YBayCugO: as
function of oxygen content z from Ref.24. Solid line

through data when pressure applied at RT, dashed line
when pressure applied at 90K.

Hg?* valence state may account for the apparent
lack of pressure-induced oxygen orderin g effects??

Recent internal friction measurements on Tl
2201 give some evidence for a LT relaxation peak,
but further studies are needed?® LT relaxation
peaks have been observed at E4 = 0.28¢V for
Bi-2212 and at E4 =2 0.08,0.12, and 0.18¢V for
Y-123%" In addition, we find what we believe to
be evidence for both HT and LT relaxation effects
in the extensive high-pressure data on underoxy-
genated Y-123 recently published by Fietz et al. 24
and shown in Fig.9. In their detailed study of
T.(P) over a wide range of oxygen cencentrations,
the value of (dT./dP)prr is found to be strongly
peaked at the very large value +12 K/GPa for
the oxygen content Qg -. It is interesting to note
that the pressure derivative (dT,./dP)gox, where
the pressure is changed at 90K instead of RT,
is diminshed for all oxygen concentrations, but
is still peaked at Og ;. We believe that the exis-
tence of this residual peak provides clear evidence
that pressure-induced oxygen relaxation phenom-
ena occur in Y-123 at temperatures below 90 K,
in analogy with our findings for T1-2201. In fact,
we would like to suggest that the existence of both



LT and HT relaxation modes in Y-123 may pro-
vide the key to understanding the phenomena of
both transient and persistent photo-induced su-
perconductivity in this compound®® In particular,
relaxation processes with activation energies at or
below 0.1 eV could result in nanosecond relaxation
times at 90 K.

The above results on TI- and Y-based systems
indicate that, on both fundamental and applied
levels, oxygen ordering effects may play an impor-
tant role in the superconductivity of many high-75,
oxides. Further experiments are currently being
carried out to enhance our understanding of these
interesting phenomena.
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