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Abstract

In a variety of high temperature superconductors the transition temperature
T has been found to depend on the sample’s detailed temperature and pressure
history. TloBagCuOgs (T1-2201) exhibits two distinct relaxation channels, one
activated below 100 K and the other above 150 K, that have been attributed
to oxygen ordering effects. In the present studies to 0.8 GPa we find that
the activation energy for the low temperature process, E5! (1 bar) ~ 0.25 eV,
is independent of pressure, whereas the activation energy for the high tem-
perature process, EET(l bar) ~ 0.75 eV, appears to increase with pressure
yielding an activation volume ~ 1.5 cm®/mol. The activation volumes for the
diffusion of oxygen defects in the high-temperature superconductors T1-2201,
YBayCu307_s (Y-123), and HgBasCuOyys (Hg-1201) are estimated using a
simple hard-sphere model and found to be roughly half the experimental val-
ues. For T1-2201 this comparison supports an indirect “interstitialcy” diffusion
path for oxygen defects, whereas for Y-123 and Hg-1201 direct “interstitial” dif-
fusion paths are indicated.



1 INTRODUCTION

In high-temperature superconductors (HT'SC) it is well known that many properties
in both normal and superconducting states, such as the superconducting transition
temperature T, the electrical resistivity p, and the lattice parameters, depend sen-
sitively on the oxygen concentration. In TlyBayCuOg,s (T1-2201), for example, an
increase in the oxygen content by only 2% (A6 ~ 0.12) causes T, to decrease by 92
K,[1] p(295 K) to decrease by 50%,[2] and the lattice parameters to change by Aa ~
Ac ~ 0.3%.[1] To obtain a superconductor with the desired properties, the oxygen
content of the sintered material must be carefully optimized by a suitable annealing
treatment under a specified oxygen partial pressure. It is thus of interest to under-
stand in detail the diffusion processes in HT'SC so that one can adjust the parameters
of the annealing treatment accordingly.

Many properties in a given HTSC material, including the value of T;, depend
not only on the oxygen content, but on the detailed manner in which oxygen defects
are arranged within the oxygen sublattice.[3, 4] The ordering of oxygen defects is
believed to be responsible for the strong relaxation effects with relaxation time 7 in
underdoped YBayCu3Or_s (Y-123) reported by Veal et al.,[4] where the value of T
was observed to increase by ~ 10 K after samples originally quenched from 520°C
to 77 K were annealed at room temperature (RT). This enhancement in 7, was
attributed to a transfer of electron charge from the superconducting CuO, planes to
ambivalent Cu cations in the CuO chain layer brought on by the ordering of oxygen
defects in these chains.[5] Since the ordering process involves the motion of oxygen
defects through the structure, it is a diffusion limited process. Similar relaxation
effects in T. have been observed following pressure changes at low temperature in
T1-2201,[6] Y-123,[7, 8] TlISr,CaCus07 s,[9] and HgBa,CuOy4 s (Hg-1201).[10] In
T1-2201 evidence for two distinct relaxation processes was found by Klehe et al.[11]
and Looney et al.,[12] one activated at temperatures below 100 K (LT process) and
the other activated at temperatures above 150 K (HT process), as illustrated in
Fig. 1; in fact, the latter work shows that the LT relaxation already begins for
annealing temperatures as low as 13 K. For all other systems listed above, only
a single relaxation process, one activated for temperatures above 200 K, has been
identified.[9, 10, 13]

Sadewasser et al. have recently shown for Y-123[13, 14| and Hg-1201[10] that the
relaxation time 7 for the diffusion of oxygen through the material increases strongly
with pressure; the rate of increase dr/dP contains information on the specifics of the
diffusion process itself.[15, 16] For the purpose of gaining insight into the oxygen
diffusion mechanism in T1-2201, we present measurements of the pressure-dependent
relaxation time 7(P) for both LT and HT relaxation processes on a single crystalline
sample with T, ~ 39.5 K. A simple hard-sphere model is developed for oxygen
diffusion in Y-123, Hg1201 and T1-2201 and is used to estimate dr/dP. From a
comparison with the experimental data, a direct diffusion path seems likely in Y-



123 and Hg-1201, whereas for T1-2201 a more complicated “interstitialcy” diffusion
process is indicated. From the constancy of 7 under pressure for the LT relaxation
in T1-2201, we conclude that the LT process is diffusionless.

2 EXPERIMENT

The He-gas pressure system (Harwood) used in this study is capable of generating
hydrostatic pressures to 1.4 GPa. The CuBe pressure cell (Unipress) is inserted into
a two-stage closed-cycle refrigerator (Leybold) which operates in the temperature
range 2 - 320 K. The pressure in the cell can be changed at any temperature above
the melting curve Ty, [17] of the He pressure medium (for example, T}, ~ 13.8 K at
0.1 GPa and Ty, ~ 52.4 K at 0.8 GPa). The pressure decrease upon cooling is kept
to below 20% by the introduction of a sizeable room temperature “dead volume”.

The superconducting transition is measured by the ac susceptibility technique
using a miniature primary/secondary coil system located inside the 7 mm I.D. bore
of the pressure cell. In the present studies a magnetic field of 0.28 Oe (rms) at 507
Hz is applied along the short dimension of the sample (H || c-axis). Further details
of the experimental setup are given elsewhere.|18]

The present experiments were carried out on a 0.5x0.8x0.02 mm? piece of the
T1-2201 single crystal used three years ago to study the relaxation behavior in T,
at ambient pressure [11, 12]; over this time the superconducting transition in the ac
susceptibility has not changed except for an increase in the 10-90 transition width
from 1 K to 2K. The single-crystalline synthesis procedure is described in earlier
publications.[11, 19] The initial value of T, at ambient pressure is found to be T, ~
39.51 K from the superconducting onset. Changes in the value of T, in the high-
pressure experiments are determined to an accuracy of £ 50 mK by graphically
shifting the upper 10 % of the transition against the initial measurement.

3 RELAXATION MEASUREMENTS

3.1 Results

Previously published relaxation data in 7T, for T1-2201 are displayed in Fig. 1.[12]
These data were obtained by first applying 5.6 GPa pressure at 298 K, releasing
this pressure at 6 K, and then measuring 7, after annealing the sample for 1 hour
at successively higher temperatures T.,,ca;- The LT and HT relaxation regions
are clearly visible in this figure and are separated by a plateau between 100 and
150 K. In the present experiments we would like to investigate how the relaxation
rate in both regions depends on the applied pressure. To do this we determine at
different pressures the relaxation times 7 for both LT and HT processes at the fixed



temperatures T,; = 82 K for the LT process and T, = 225 K for the HT process, as
indicated by the arrows in Fig. 1.

We now describe the procedure followed in some detail. Fig. 2 contains an
overview of the entire measurement, whereas Fig. 3 shows the dependence of T,
on the annealing time at various temperatures and pressures. Following the initial
measurement of 7,(1 bar) ~ 39.51 K at ambient pressure (point 1 in Fig. 2), a
pressure of 0.8 GPa was applied and held at 298 K for 1 h, followed by a rapid
cooldown (3 - 4 K/min) to measure T, ~ 32.55 K (point 2); due to the contraction
of the He pressure medium, at temperatures near 7. the pressure decreased to ~
0.67 GPa. The pressure derivative obtained, dT../dP ~ - 8.7 K/GPa, [20] is in good
agreement with previous results by Klehe et al.[11]

The pressure was then partially released at 51 K to 0.51 GPa and T, ~ 32.60 K
measured. The time dependent relaxation T, (¢) at this pressure was then determined
by repeatedly heating the sample to 82 K, where P ~ 0.55 GPa, for successively longer
times (see points 3 to 10 in Fig. 2 and Fig. 3 curve A). The sample was then annealed
at ~ 140 K for 1 h to allow the low temperature (LT) process to fully relax (point
11, Fig. 3 curve B); it was shown by Klehe et al.[11] that the LT relaxation process
is fully saturated by annealing 1 h at 120 K, but the HT process is not activated
until 150 K. The HT relaxation process was then studied by holding the sample at
225 K for 1 h, where P ~ 0.59 GPa, yielding T, ~ 34.06 K (point 12, Fig. 3 curve
B). Subsequent annealing at the same temperature and pressure up to a total of 72
h resulted in points 12 - 18. In order to fully relax the HT process, the sample was
then annealed for 11 h at 298 K, yielding 7, ~ 34.35 K (point 19 in Fig. 2).

To determine the relaxation times at the same annealing temperatures, but at a
lower pressure, the pressure was then reduced to 0.27 GPa at 42 K, yielding T, ~
34.25 K (point 20 in Fig. 2 and Fig. 3 curve C). By annealing the sample at 82 K
under 0.28 GPa pressure for different time intervals totaling 29 h, the T.(¢) data in
Fig. 3 curve C (points 20 to 27) were obtained. The sample was then annealed for 1
h at 140 K to fully relax the LT process, and the HT process studied by annealing at
225 K, where P = 0.31 GPa, yielding points 28 to 35 in Fig. 3 curve D. To fully relax
the HT process, the sample was once again annealed at 298 K for 16 h (T;. ~ 36.79 K,
point 36, Fig. 2).

For the final relaxation measurements the pressure was fully released at 38 K,
yielding T, ~ 36.65 K (point 37). The LT relaxation at ambient pressure was
measured by consecutive annealings at 82 K, resulting in points 37 to 44 in Fig. 3
curve E, followed by a 1 h “relaxing” anneal at 140 K. The relaxation in T, from
the HT process was then determined by again annealing at 225 K (points 45 to 53 in
Fig. 3 curve F).

From Figs. 2 and 3 it is immediately apparent that the change in 7, for the LT
relaxation process (curves A, C and E) is approximately twice as large as for the HT
process (curves B, D and F), in good agreement with the results of Looney et al.[12]
in Fig. 1.



3.2 DISCUSSION

We now fit the relaxation measurements 7.(t) in Fig. 3 using the stretched exponen-
tial expression|[11, 21, 22]

() = Ti(oe) ~ (1460 - 70 o { - (252, )
where T.(0) and T.(oco) are fit parameters for the initial and final (fully relaxed)
values of the transition temperature, respectively, 7 is the relaxation time, and ¢, is
an additional time to account for any relaxation that occurred before ¢ = 0. For all
fits the exponent is fixed at o = 0.25,[23] a value also found by Looney et al.[24] in
relaxation studies at ambient pressure on the same crystal.

The values for all fit parameters, T,(c0), T.(0), 7 and ¢, are given in the Table
for both LT and HT processes. Also shown in the Table is the value of the activation
energy F\ calculated from 7 using the Arrhenius law

F
T = T exp (ij—j;> , (2)

with the attempt period 7o = 1.4x10°'% s [4, 11] which we assume is independent
of pressure.[25] In the Table it is seen that for the LT process the initial transition
temperatures 7, (0) from the fits are consistently less than the actual values measured
after reducing the pressure. This is not unexpected since in T1-2201 some relaxation
in T, occurs as the pressure is reduced and during the cooldown, thus increasing 7.
before it could be measured, i.e. t; # 0. In contrast, the final transition temperatures
T.(oc0) from the data fits are close to the T. values measured after the 140 K anneal,
showing that the low temperature process is indeed fully relaxed at 140 K. For the
HT process the additional time ¢, = 0 because the high temperature process is not
activated below 150 K (see Fig. 1).[11, 12] The final fit temperatures 7, (co0) are seen
to be close to the T, values measured after annealing at 298 K.

The activation energies at ambient pressure for both LT and HT processes are
in good agreement with previous results by Looney et al.[24]: FE,(1 bar) ~ 0.24
eV for the LT process and Fj (1 bar) ~ 0.72 eV for the HT process. The activa-
tion energies obtained from the relaxation measurements on T1-2201 for both pro-
cesses are plotted as a function of pressure in Fig. 4. For the LT process the
activation energy is seen to be essentially pressure independent; a linear least-squares
fit yields dE,/dP ~0 + 0.004 eV/GPa. However, for the HT relaxation process
the activation energy appears to increase with pressure at the approximate rate
dEy/dP ~ + (0.016 + 0.017) eV /GPa.[26]

The activation volume AV, for a specific diffusion process is related to the pressure
derivative OE, /OP by the equation[15, 16]

OF\ Olnrt




where R is the gas constant, Ny Avogadro’s number, AV; the volume change from
defect formation, and AV}, the volume change for defect migration. Using Eq. (3),
the activation volume for the HT relaxation process in T1-2201 takes on the value
AVET ~ + (1.5 £ 1.6) cm®/mol, corresponding to 1/4 of the molar volume of O?~
(5.78 ¢cm?®/mol),[27] and is the same order of magnitude as previously found for the
HT processes in Y-123 (+4 cm®/mol)[13, 14] and Hg-1201 (+10 cm?/mol).[10] For
the LT process in T1-2201, of course, AVt = 0 since E is independent of pressure.

Sieburger et al.[6] have suggested that the relaxation phenomena in T1-2201, in
analogy to Y-123, may originate in oxygen ordering processes. Doping in the TI-
2201 system is achieved by an O(4) oxygen defect located on a two-fold degenerate
interstitial site between the two Tl, O, layers.[28] To account for the existence of two
relaxation processes, Klehe et al.[11] suggested that the LT process may be caused
by the correlated motion of O(4) interstitial oxygen defects between equivalent sites
within their respective unit cells, i.e. the defects do not wander from one unit cell to
another. It would be expected that the energy barrier for such diffusionless oxygen
motion should be relatively low; indeed, we find E4(1 bar) ~ 0.25 e¢V. In the HT
process the O(4) defect presumably moves from one unit cell to another, requiring a
higher activation energy. The value E5 (1 bar) ~ 0.72 eV from the present studies on
T1-2201 compares well with activation energies from relaxation measurements in 7.
on other HTSC compounds like Y-123, [4, 8, 14] Hg-1201,[10] and T1-1212,[9] as well
as from oxygen diffusion studies[29] and internal friction studies[30] on Y-123. The
observed increase in F, with pressure is a reasonable result since the compression
of the lattice under pressure narrows the diffusion channels which should cause the
diffusion barriers to increase.

4 HARD-SPHERE MODEL

The experimentally determined activation volumes AV, for Y-123, Hg-1201 and TI-
2201 can, in principle, be used to determine which diffusion paths make the most
important contribution to the observed relaxation phenomena in 7T;.. Unfortunately,
there are at present no theoretical estimates for AV, in HTSC systems. In lieu of
such calculations which make use of the full atomic potentials, we attempt a crude
estimate of the activation volume in the simplest conceivable model, the hard-sphere
model.

In the case of HT'SCs, the diffusing oxygen defect is normally already present in
the structure from the synthesis procedure and need not be created, implying that
the formation volume is zero, so that

OF,
AVy ~ AV, ~ Ny 5P (4)
This expression for the migration volume has a simple physical interpretation. When
an ion diffuses from one unit cell to another, it must overcome a migration energy
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barrier Fy (1 bar) arising from its interactions with many surrounding ions. In an
ionic crystal, the volume expands locally by the amount AV;, as the migrating ion
passes through the saddle point and overcomes the energy barrier. This means that
when pressure P is applied to an ionic crystal it becomes even more difficult for an
ion to move from one site to another since it must now do work against the applied
pressure by an amount AF, ~ PAV,, which increases the activation energy by AF,.
In a hard-sphere model one treats each ion as a hard sphere with the ionic radius
corresponding to its valence state. The migration volume AV, is then estimated by
calculating the local volume expansion as the migrating hard-sphere ion pushes the
surrounding ions out of the way as it passes through the saddle point. Since the
estimated value of AV,, depends on the assumed diffusion path, the measurement of
OF\ /0P can be used to help to identify the actual diffusion path.

In the present model calculations the following ionic radii are used[27]: r(Cu'™)
=0.96 A, r(Cu®*) = 0.72 A, r(0*") = 1.32 A, r(Hg?") = 1.10 A, r(TI3*) = 0.95 A,
r(Ba’t) = 1.34 A. All ions are assumed to be hard spheres with the ionic radius.
The volume change brought about when the diffusing ion moves through the saddle
point is considered to occur locally; we assume that only the nearest neighbors that
actually contact the diffusing ion move and contribute to the volume increase. In
our calculation we assume that this lateral motion affects a volume that extends to
half the distance to the nearest neighbors in directions perpendicular to the motion
of this ion, since it is assumed that these neighbors remain on their lattice sites,
unaffected by the diffusion process. The migration volume is the volume change of
the crystal between the saddle point configuration in the activated state and the initial
configuration. Using these general procedures, we can now calculate the migration
volume for several HTSC systems. The procedure will become clearer by considering
the specific cases below.

4.1 YBaQ CU3O7_5

The first system that we consider is Y-123 which possesses the orthorhombic structure
shown in Fig. 5(a). The oxygen O? ions occupy the O(1) sites between Cu**/!* ions
along the b-axis; the O(5) sites between the Cu ions along the a-axis are empty.[31]
Since the O(1) sites are only partially occupied, oxygen vacancies are already present
in the structure, confirming the previous assumption AV; = 0. For the calculation
of AV, a specific diffusion path must be assumed. There is still no agreement in
the literature on the dominant diffusion path for oxygen in Y-123; different authors
propose different paths,[29, 32, 33, 34] but most assume that oxygen diffuses via the
center of the unit cell in the CuO chain layer.

For the present discussion a specific path for diffusion along the chains will be
assumed which is illustrated in Fig. 5(b): the oxygen defect moves from the O(1)
site (I) to the center of the unit cell (II) to the adjacent O(5) site (III) and then
through the center of the next unit cell (II') back onto the empty O(1) site (I'). For



this process there are two distinct saddle point configurations: (i) when the O*~ is in
the center of the unit cell between two Ba?* ions (IT) and (ii) when the O?~ occupies
the O(5) lattice site (III).

In the first case we assume that no change in the ab-plane occurs, so that the
total volume increase is due to the Ba?* ions moving along the c-axis away from the
diffusing oxygen ion. The volume of interest is indicated by the dashed parallelopiped
in Fig. 5(b). For YBayCu30Og.41 the area of the base of this parallelopiped in the ab-
plane is equal to 3.73 A%[35] The open space between the Ba ions in the initial
configuration is 2z(Ba**) - 2r(Ba*") ~ 1.80 A, where z(Ba?*) denotes the atomic
position of the Ba** ion. Since the diameter of the O?~ ion is 2.64 A, the Ba ions
have to move outward by 0.84 A (0.42 A for each Ba ion) in order to accommodate
the O ion in the saddle point configuration (II). Thus, the volume of the dashed
parallelopiped in Fig. 5(b) must change by AV;, ~ + 3.13 A3, yielding a total molar
volume change of AV,, ~ + 1.88 cm?®/mol. Similar calculations for YBayCusOg.45
with a slightly higher oxygen concentration yield AV, ~ + 1.90 cm?®/mol, because
the Ba ions are slightly closer together. For YBayCu3Og4p the migration volume is
calculated to be AV, ~ + 2.05 cm?/mol.

For the calculation in the second case (ii) with the O~ between the two Cu ions in
the ab-plane, it is assumed that no change along the c-axis occurs (Fig. 5(b) position
III). The open space between the two Cu ions is 2.17 A assuming one of them to
be Cu*" and the other a Cu'" ion. [36] Thus, the two Cu ions have to move by
0.47 A to accommodate the O?~ ion, yielding a migration volume of AV, ~ + 1.24
cm?®/mol, a somewhat smaller value than obtained for case (i). The experimentally
determined activation volume should describe the increase with pressure of the highest
activation energy barrier along the diffusion path. The fact that the O(5) site is
nearly equivalent to the O(1) site suggests that the barrier for this saddle point is
lower than for position II where the oxygen ion is sandwiched between two Ba’™
ions. We thus assume that the saddle point at position II determines the migration
volume for this diffusion path.[37] The calculated migration volume AV;, ~ + 1.9
cm?/mol for YBayCu3zOg4; and YBayCusOg.as is approximately half of the values
obtained (AVj ~ + 4.2 cm®/mol for YBayCuzOg.4; and AV, ~ + 3.6 cm?/mol for
YBayCu3Og.45) in our previous studies.[13, 14]

Islam[34] suggests an indirect “interstitialcy” diffusion path via the O(4) apical
site whereby an O(1) ion moves onto an adjacent O(4) apical site as simultaneously
the O(4) ion proceeds to an empty O(1) site in the next unit cell. In this case the 0%~
ion has to go through a triangular plane between two Ba ions and a Cu ion. Similar
calculations to the above estimate the activation volume to be AV, ~ + 1.6 cm?®/mol
which is also about a factor of two to three smaller than the experimental values,
but comparable with that for the diffusion path above. The present analysis of the
experimental data thus cannot rule out either of the two diffusion paths considered.



4.2 HgBasCuOy,,

We have carried out a similar hard-sphere calculation for strongly overdoped HgBayCuQOy. .,
where the oxygen defect occupies an interstitial site at the center of the Hg layer|3§|
(see Fig. 6(a)). The specific diffusion path assumed for Hg-1201 is illustrated in Fig.
6(b): a direct motion of O?~ from the interstitial position in the center of the Hg
layer (I), inbetween the two Hg ions (II) into the next unit cell within the Hg-plane
(I'). In the case of Hg-1201 it is assumed that no change in the c-axis direction oc-
curs throughout the diffusion process. The migration volume for this process is the
volume change of the dashed parallelopiped in Fig. 6(b) between the initial (I) and
saddle point (II) configurations. The relevant area in the be-plane that is assumed
to be unchanged throughout the diffusion process amounts to 2(1dp,.0)2(5a) ~ 7.65
A%, where dig.0 ~ 1.966 A denotes the distance from the Hg ion to the adjacent
O(2) ion above the Hg ion.[39] The open space between the Hg ions in the initial
configuration is a - 27(Hg*") ~ 1.69 A; thus the Hg ions have to move apart by 0.95
A to accommodate the O*~ ion. The resulting migration volume of AV, ~ + 4.38
cm?®/mol is roughly half the experimental value AVy ~ + 11.0 cm?/mol obtained in
a previous study by Sadewasser et al.[10] on overdoped Hg-1201.

If an indirect “interstitialcy” diffusion path via the O(2) site in Hg-1201 is as-
sumed, a similar calculation of the activation volume results in AV, ~ + 3.8 cm®/mol,
which is about one-third of the experimental value.

4.3 TIQBaQCu06+5

In the case of T1;BayCuOg, s the oxygen defect site O(4) is not in a plane, but located
at two degenerate sites within the T1,O, double layer, as seen in Fig. 7(a).[28] This
defect site is surrounded by four O>= (O(3) site) and four TI3+/1* jons. Klehe et
al.[11] proposed that the LT and HT relaxation processes seen in Fig. 1 originate
from two distinct types of oxygen ordering effects: the LT process is due to the O(4)
defect moving from one of the two degenerate sites to the other within a single unit
cell, and the HT process involves diffusion from one unit cell to another.

In a hard-sphere model the migration volume for the LT process should be zero,
since the oxygen defect remains within the TlyO, double layer in a given unit cell and
the motion from one equivalent site to the other can proceed without its touching any
neighboring ions. However, the activation volume for this process can be estimated
using an alternate approach: the O(4) defect site is degenerate because of the reduced
symmetry of the T1,0, double-layer; the height of the T1,04-parallelopiped (2.02 A)
is less than its width (2.74 A). From a knowledge of the anisotropic compressibility
of this structural element, [40, 41] we estimate that at a pressure of P. ~ 77.5 GPa
the height and width should become equal. For symmetry reasons, there could then
be only one O(4) defect site available, so that the energy barrier between the two
O(4) sites must have become zero.[42] At ambient pressure, the energy barrier was
measured to be Ex (1 bar) ~ 0.24 eV; assuming a linear pressure dependence, we thus
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estimate dEy /dP ~ (- 0.24 €V)/(77.5 GPa) ~ - 0.003 ¢V /GPa, a very small value
which agrees with the above experimental result dE, /dP ~ 0 £+ 0.004 eV/GPa.

To estimate the migration volume in a hard-sphere model for the HT process, we
assume that the O?~ defect migrates parallel to the layers, remaining between the
T1,0, double layers, as indicated in Fig. 7(b). The O?  ion migrates through the
center of a TlyOo-face displacing both the O and Tl ions. If we assume that no
change in the direction perpendicular to this face occurs, the change in area from the
dashed lines in Fig. 7(b) is 6.22 A%2. The migration volume for this process is then
estimate to be AV, ~ + 10.3 cm? /mol, which overestimates the experimental value
(AVy ~ + (1.5 & 1.6) cm?®/mol) sevenfold!

In simple bce and fee crystals the hard-sphere model generally overestimates the
experimental values by a factor of 2 or 3.[16] However, the migration volumes cal-
culated above for Y-123 and Hg-1201 are too small by a factor of 2 to 3. HTSC
systems are not close-packed but fairly open structures. This would have the effect of
sharply reducing estimates of the activation volume based on the hard-sphere model;
indeed, if the packing were sufficiently wide open that an oxygen defect could mi-
grate from one site to another without contacting other ions, the hard-sphere model
would predict that AV, ~ 0. A further reason for the low estimates is the neglect
of all non nearest-neighbor interactions. In ionic compounds like the HTSCs, long-
range Coulomb interactions are important and will influence the size of the migration
volume.

The fact that, in contrast to Y-123 and Hg-1201, the migration volume estimated
above for T1-2201 exceeds the experimental value by a factor of seven suggests that the
wrong diffusion path may have been assumed. We, therefore, propose an alternate
diffusion path for the interstitial O(4) defect in T1-2201 which is illustrated in Fig.
7(c): the O(3) oxygen ion adjacent to the O(4) migrates into the vacant O(4) site in
the next unit cell and the O(4) ion follows simultaneously into the vacated O(3) site.
The migration volume for this “interstitialcy” mechanism can be estimated in a hard-
sphere model; the oxygen on the O(3) site has to migrate through the plane defined
by three Tl ions, as seen in Fig. 7(c). The area change in this Tl3-plane depends on
the specific way the Tl ions move in order to accommodate the O*~ ion. The upper
limit of the area change between the dashed triangles in Fig. 7(c) is given by AA ~
(6.69 A% - 5.65 A?) = 1.04 A2, To obtain the volume change, it is assumed that no
change in the direction perpendicular to the Tls-plane occurs; the volume change is
assumed to affect half the diagonal length of the T1,0,4 structural element, d = 2.33
A. The migration volume is thus estimated to be AV,, ~ +1.47 cm? /mol, which is
in better agreement with the experimental value AVy ~ +(1.5 4+ 1.6) cm®/mol. Tt
would thus appear that the “interstitialcy” mechanism is favored for the diffusion of
interstitial oxygen defects in T1-2201.

In summary, the relaxation times for the LT and HT processes in T1-2201 were
measured at different pressures up to 0.6 GPa. Whereas the activation energy for the
LT process is independent of pressure, that for the HT process increases linearly with
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pressure at the rate dE /dP ~ +0.016 ¢V /GPa corresponding to an activation volume
of +1.5 cm®/mol which is about one-fourth the molar volume of O*~. Comparison
with a simple hard-sphere model calculation favors an interstitialcy mechanism over
a simple interstitial mechanism. Analogous estimates for underdoped Y-123 and
overdoped Hg-1201 appear consistent with direct oxygen diffusion processes for both
systems.
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Table

TABLE. Fit parameters used for fitting the relaxation data for the LT and HT
process in T1-2201 (Fig. 3) with Eq. (1). The activation energy is calculated from 7
using Eq. (2). See text for meaning of symbols.

| process | P [GPa] | T.(co) [K] | T.(0) [K] | 7[h] | o [t [h]]| EaleV] |
LT 0 38.38(2) | 34.90(14) | 0.31=£0.04 | 0.25 | 0.07 | 0.243=0.001
LT 0.28 | 35.88(2) | 33.31(10) | 0.38=0.06 | 0.25 | 0.02 | 0.244%0.001
LT 055 | 33.70(5) | 31.73(0) | 0.27£0.08 | 0.25 | 0.03 | 0.242=0.002
HT 0 30.52(2) | 38.75(1) | 4.9£1.1 [0.25] O | 0.720-£0.004
HT 0.31 36.84(3) 36.13(1) 59.6£2.0 | 0.25 0 0.72240.007
HT 059 | 34.35(0) | 33.88(4) | 9.3£47 |0.25| 0 | 0.732£0.011
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Figure Captions

Fig. 1. Temperature dependent relaxation data for T1-2201 showing two distinct
relaxation processes, one activated below 100 K and the other above 150 K (adapted
from Ref. 12). See text for details.

Fig. 2. Overview of the present relaxation measurements on T1-2201 illustrating the
dependence of T, on the temperature and pressure history of the sample. Numbers
give order of measurements. See text for details.

Fig. 3. Time dependent relaxation in TI-2201 following pressure changes at low
temperature. For curves A, C and E the sample was annealed at 82 K (LT process)
and for curves B, D and F at 225 K (HT process). The pressure is indicated for each
curve, as well as the relaxation time 7 at the corresponding annealing temperature
from a fit to the data using Eq. (1). Numbers give order of measurement.

Fig. 4. Pressure dependence of the activation energy for both LT and HT relaxation
processes in T1-2201.

Fig. 5. Visualization of the calculation of the migration volume in Y-123. (a) The
orthorhombic structure of Y-123. (b) The relevant part of the Y-123 structure with
BaO layer and CuO chain layer. The diffusion path is indicated by the dotted line
and the dashed parallelopiped represents the volume used in the estimate. See text
for details.

Fig. 6. (a) The tetragonal structure of Hg-1201. (b) The diffusion path in the HgO-
plane including the oxygen defect. The diffusion path is indicated by the dotted line
and the relevant volume for the estimate of the migration volume is indicated by the
dashed parallelopiped. See text for details.

Fig. 7. (a) The tetragonal structure of T1-2201 with the O(4) defect within the
T1,O5 double layer. (b) The direct diffusion path for the O(4) defect from one unit
cell to another and the area change between the initial (I) and the saddle point
(I) configurations. (c) The interstitialcy mechanism, where the area change of the
dashed triangle between the initial (I) and the saddle point (II) configurations yields
the migration volume. See text for details.
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