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Previous studies on the high: superconductor FBa,CuQ;, s have given evidence for distinct low- and
high-temperature oxygen ordering processes activated for temperatures above 13 and 200 K, respectively. In
contrast, the present experiments on strongly underdopedC(B@g 4, with T.(0)=13 K reveal only high-
temperature relaxation processes with a relaxation ting 298 K which increases under pressure from
approximately 10 h at 1 bar to 50 h at 0.79 GPa to 550 h at 2.3 GPa. From these results the activation volume
is estimated to be 4.2 ciimol, a value equal to three-quarters of the molar volume of tRe ©n.
[S0163-18297)06345-3

[. INTRODUCTION persists down to temperatures as low as 13 K, and perhaps
lower. The data show clearly that there are two distinct re-
It is well established that the transition temperatliggn ~ laxation mechanisms: a “fast” process with relatively low
high-temperature superconductors may depend strongly oactivation energy E,<0.25 eV) responsible for the low-
both thecontentand thearrangementof oxygen defects in temperature relaxation, and a second “slow” process
the latticel® The latter effect was observed by Veslal?in ~ (Ex~1 eV) which becomes important near RT. Since the
YBa,Cu;0;_, (YBCO) who varied the degree of order in the magnitude of either relaxation process is a sensitive function
oxygen sublattice through suitable heat treatment, changingf the content of interstitial oxygen, it is highly likely that
T. by more than 20 K. These results were analyzed in termboth have their origin in rearrangements within the intersti-
of a simple modélin which the valence of the Gl ions in  tial oxygen sublattice. We have suggested that the low-
the chains, and thus the concentration of charge carriers iremperature relaxation may originate from the oscillation of
the CuQ planes, depends on the local coordination offu a given interstitial oxygen defect between two equivalent
to surrounding oxygen defects. Soon thereafter it was showsites within the TJO, double-layer in a single unit cél®
by Sieburger and Schillifigfor T1,Ba,CuQ;, 5 (TI-2201) that ~ whereas the high-temperature relaxation arises from long-
the degree of oxygen order is also a sensitive function ofange diffusive motion of the interstitial oxygén.
hydrostatic pressure, if the pressure is applied at room tem- Itis clearly of interest to determine whether or not YBCO
perature(RT). Subsequent studies by Fietzal® confirmed  also exhibits oxygen relaxation effects at low temperatures.
the existence of analogous pressure effects in YBCO; thénternal friction studie¥ on YBCO have revealed relaxation
relaxation time for both therm&land pressure-inducBde-  peaks in the range 0.08—0.2 eV which would yield very short
laxation effects in YBCO was found to lie in the range 1—10relaxation times, even at low temperatufes10 © s at 60
h (activation energyE,=0.91 to 0.97 eV for oxygen defi- K); this has prompted us to sugdesiat transient photoin-
ciencies y=0.3 to 0.6, respectively. Tracer diffusion duced superconductivity in this compound may originate
experiment§at RT on YBCO yieldE,=0.97 eV when de- from oxygen relaxation processes. Recent studies by
termined over a range of oxygen stoichiometries. Guimpelet al!! show that thermally induced oxygen order-
In view of the high sensitivity of the value dF, to the ing and persistent photoconductivity have a common physi-
degree of local oxygen order in both YBCO and TI-2201, itcal origin in the rearrangement of oxygen anions. In the pre-
is important both from practical and fundamental standpointyious high-pressure studies by Fietzal>® on YBCO the
to clearly establish in which higiiz systems, and under pressure was changed at temperatures near 90 K which pre-
what circumstances, oxygen ordering effects play a significludes the identification of possible relaxation processes at
cant role. It is not widely appreciated that these relaxatioriemperatures lower than 90 K. In addition, since the mea-
effects can be easily overlooked since the temperature mustirement ofT,, itself involves a slow temperature swegi
be carefully chosen so as to match the relaxation timtle  min) through the temperature range withirb K of T, the
the time scale of the experiment. Changing the degree afample is effectively annealed at this temperature, precluding
oxygen ordering through heat treatment or application othe study of relaxation effects at temperatures lower than
pressure represent mutually complimentary techniques.  If the value of T is used to study relaxation effects at low
In addition to pressure-induced oxygen relaxation at RTtemperature, therefore, a sample with as loW.avalue as
Kleheet al® found evidence in TI-2201 for significant relax- possible should be chosen.
ation effects at low temperaturéd50—100 K. Subsequent In this paper we report the results of a search for low-
studies to higher pressure in a diamond-anvil cell by Looneyemperature relaxation phenomena in YBCO to temperatures
et al® revealed, in fact, that this low-temperature relaxationas low as 14 K. To this end we have selected a homogeneous
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single crystal of YBgCu;Og 41 With T;=13 K at ambient
pressure. In contrast to the results for TI-2201, we find no
evidence whatsoever for relaxation effects in YBCO for tem-

peratures between 14 and 250 K; relaxation sets in rapidly ! applyp

for temperatures above 250 K. In addition, we find the relax- HEEE TN

ation time to increase significantly with pressure. e ; s
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The sample studied in the present experiments is a single
crystal of YBgCu;O;_, (right-angle parallelopiped with di-
mensions K 1X0.26 mnt and mass 1.65 mgThe crystal
was grown in air in a gold crucible using the conventional
“self-flux” procedure from a mixture containing Y:Ba:Cu in
the ratios 5:27:68. The sample was cooled from 980 to
930 °C at 0.2 and at 0.4 °C/h from 930 to 880 °C. The oxy-
gen content was subsequently adjusted by heat treating the
crystal for 309 h at 520 °C in a flowing gas mixture of 5 T m ~ e
0.113% Q in N,. The oxygen pressure was continuously TK)
monitored using a zirconia-cell oxygen pressure monitor
manufactured by Ametek, Inc. After the equilibration in k|G, 1. Realy’ and imaginary party” of the ac susceptibility
O,/N,, the sample was quenched into liquid nitrogen. ThiSof YBa,Cu0 4; at 1.1 Oe(rms). Encircled numbers give order of
procedure produces a sample wilh=13 K and with oxy-  measurement. Applying 0.10 GPa pressure at 298 K shiffsom
gen stoichiometry A+=6.41, as established with prior cali- 13.5 K(®) to 15.3 K(H) after 17 h annealindl, decreases to 15.0
bration studie? To obtain a room-temperature equilibrium K (A) after fully releasing the pressure at 16.5 K.
oxygen vacancy ordered condition, the sample was aged at
room temperature (2951 K) for over two months before the good sample homogeneity. The size of the superconduct-
measurements were performed. ing transition is large and would be consistent with full

The He-gas pressure systé¢htarwood used in this study shielding Ay’ = —1/4x) for a demagnetization factor of
is capable of reaching hydrostatic pressures to 1.4 GPa. The=0.661° in excellent agreement with the vald@=0.64
CuBe pressure cellUnipress$ is inserted into a two-stage derived from the sample geomef/We arbitrarily take the
closed-cycle refrigeratofLeybold which operates in the midpoint of the superconducting transitionyt to define the
temperature range 2—320 K. The pressure in the pressure c@llue of T,. The superconducting onset was also monitored
can be changed at any temperature above the melting cur¢d found to shift by the same amount as the midpoint fol-
T (Ref. 13 of the pressure medium Héor example,T,,  lowing changes in pressure, annealing time or annealing tem-
=13.8K at 0.1 GPa andi,=52.4K at 0.8 GPa The pres- perature. The changes T could be determined to the high-
sure decrease upon cooling is kept to below 20% by thest accuracybetter than+30 mK) by shifting the transition
introduction of an appreciable “dead volume™ at RT. curves along the temperature axis until overlap occurs.

The superconducting transition is measured by the ac sus- As seen in Fig. 1, the transition temperature of the crystal
ceptibility technique using a miniature primary/secondaryat ambient pressure is equalT(0)=13.5 K (curve 1 fol-
coil System located inside the 7 mm |.D. bore of the He-gasowing a two month Storage at the temperaturefg_ﬂ(_ A
pressure cell. In the present studies a magnetic field of 1.éressure of 0.10 GPa was then app“ed at 2&89 GPa at
Oe (rms) at 507 Hz is applied along theaxis (short dimen-  |ow temperatureand the sample was retained at this tem-
sion) of the crystal perpendicular to the CyPlanes. From perature for 17 h to allow the oxygen ordering to reach
the sample dimensions given above, the demagnetizatiogquilibrium®’ before cooling down at the highest possible
factor is calculated to b@®=0.64* Details of the experi- rate(3-5 K/min) to measurd.=15.3 K (curve 2. The very

x" (107 emu/g)
W

mental setup are given elsewhére. large value of the pressure derivative obtaindd,/dP~
+20 K/GPa, is in reasonable agreement with earlier studies
Ill. RESULTS OF EXPERIMENT by Fietzet al® After releasing the pressure fully at 16.5 K, 4

K above the melting temperature of He at 0.09 GPa,
was immediately remeasured and found to have decreased to
Three consecutive series of high-pressure measuremenits=15.0 K(curve 3 in Fig. ). The sample was then warmed
(labeledA, B, andC) were carried out on the YB&u;Og4;  Up rapidly to consecutively higher annealing temperatures
single crystal to hydrostatic pressures at RT of 0.10, 0.79T nneas @nnealed there for 1 h, and then cooled down to
and 0.57 GPa, respectively. At temperatures neathese remeasurd .. Within experimental error, no further change
pressures decrease to 0.09, 0.65, and 0.46 GPa, respectiveaty,T. is observed for annealing temperatures as high as 264
due to the contraction of He upon cooling. Results of the firsK, as seen in Fig. 2. In this experiment, therefore, we find no
(A) series of experiments are shown in Fig. 1 where the reatvidence for relaxation phenomena at low temperatures; this
x' and imaginaryy” parts of the ac susceptibility are plotted is one of the main results of the present paper.
versus temperature. The transition widths are seen to be quite Following the 1 h anneal at 280 Kpt 18), the relaxation
narrow for such a strongly underdoped sample, underscorinip T is determined for various cumulative annealing times

A. First measurement series
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FIG. 2. Dependence of for YBa,Cu;Og 41 ON the annealing FIG. 3. Dependence of . for YBa,CusOg 41 ON the annealing

temperaturgseriesA) following the application of 0.10 GPa pres- temperaturdseriesB) following (inseb the application of 0.79 GPa
sure at 298 K and its full release at 16.5 K. Numbers give order opressure at 298 K and its release at 53 K. Numbers give order of
measurement. The solid line is a guide to the eye. Inset shows th@easurement. Solid lines are guides to the eye. See text for mean-
time dependence of ;. after fully releasing the pressure at 16.5 K. ing of the asterisk*) point.

(1, 3, 10, 21, 44 hat the fixed temperature 298 (ts 19 to  in no further change i (pt 8). Also subsequent annealing
23) (see inset to Fig. 2 The fit to these data given by the at 100 and 200 K for 1 h resulted in no measurable change in
solid line will be discussed below in the “analysis” section. T, as seen in Fig. 3. As for the previous measurement to
An estimate of the relaxation taking place while the sampled.10 GPa, no low-temperature relaxation phenomena were
is warmed up to 298 K and cooled down again gives aobserved to 0.79 GPa pressure for the present YBCO sample.
change inT, of less than 15 mK. This effect is smaller than High-temperature relaxation was observed by annealing the
the experimental uncertainty and will thus be neglected. sample at 298 K for consecutively longer time periods to 87
For pts 22 and 23 in Fig. Z; is seen to relax backast h total, as seen in Figs. 3 andb# (pts 11-17. Following
its initial value for pt 1] T.(0)=13.5 K]. The reason for this this 87 h anneal at 298 K, thE. value is seen to revert back
behavior is the fact that, prior to measuring pt 1, the sample¢o within 40 mK of the initial valug13.2 K) for pt 1.
had been stored for two months at 295 K. Prior to mea-
suring pt 23, however, the sample had been annealed at the —— T
higher temperature of 298 K for 44 h. The equilibrium state [
in the oxygen sublattice at 298 K contains a higher degree of 25
disorder than at 295 K, leading to the lower valueTef To I
check this explanation, after pt 23 we annealed the sample
for 19 h at 293 K;T, was observed to shift back up in 24 |
temperature by 0.3 K from 13.2 to 13.5 K. According to Veal 20
et al,? if the storage temperature of an underdoped YBCO
sample withT.~13 K is decreased by 5 K, the enhanced
order in the oxygen sublattice would result in an increase in

T

T. by approximately 0.4 K, in excellent agreement with our 15 I
present findings. Following measurement serigs the I e L L
sample was annealed at ambient pressure at 298 K for two 25 (b) 1
days to bring the sample back into its equilibrium state. [ ]
]
B. Second measurement series ~20 -
To explore the possibility that pressures higher than 0.10 ~
GPa might be required to excite low-temperature relaxation &
processes, a pressure of 0.79 GPa was then applied at 298 K 15 [ ]
(measurement seri@®) and held at that temperature for con- ! 16 17 _a=07
secutive time intervals up to 34 h total, raisifig from 13.2 - M o 1 R
to 22.4 K, as seen in the inset to Fig.(ts 1-6. The I T ]
dependence of . on annealing time after the application of 0 50 100

0.79 GPa pressure is shown in Figay

The pressure was then fully released at 53 K, a tempera-
ture 5 K above the melting curve of H&T, was then im- FIG. 4. Relaxation data at 298 K in seriBst (a) 0.79 GPa and
mediately remeasured and found to have decreased fromi (b) ambient pressure. Lines are best fits to data using Bdor
22.4to 21.1 K. Annealing the sample at 53 K ®h resulted different values ofx. See text for meaning of the asteriék point.

time (hours)
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FIG. 6. Relaxation data at 298 K in seriésat ambient pressure
fitted to Eq.(2) for «= 0.6 using different relaxation times

the sample to reach full thermal equilibrium. The sample was
first annealed at 298 K at ambient pressure for 38 h before
0.57 GPa pressure was applied over a 35 min period. The
sample was then annealed at 298 K under this pressure for 45
min before being cooled down at the maximum rate to mea-
sureT, [pt 1 in Fig. §a)]. The relaxation irT. at the 0.57
time (hours) GPa pressure was then measured as a function of the anneal-
ing time at 298 K up to a maximum time of 269more than
FIG. 5. Relaxation data at 298 K in seriésat () 0.57 GPaand 11 day$. The pressure was then fully released at 45 K and
at (b) ambient pressure. Lines are best fits to data usingBdor  the sample immediately cooled down to determiigpt 9).
different values ofx. See text for meaning of the asteriék point. The relaxation ofT . at ambient pressure was then measured
for consecutively longer annealing times at 298 K to a maxi-
From a visual inspection of the data in Figgayand 4b) mum time of 126 Hpts 10-17 in Fig. &)]. The analysis of
it is immediately evident that the relaxation ©f proceeds the relaxation data is presented in the following section.
more slowly following theapplication of pressure than the
releaseof pressure, i.e., the relaxation timéncreases if the IV. ANALYSIS OF RELAXATION DATA
lattice is compressed. The more detailed analysis in the fol-
lowing section “analysis of relaxation data” confirms this ~We now proceed with an analysis of the time-dependent
assertion. The measurement seresnd B (F|gs 2 and ;1 relaxation data in Flgs 2, 4, 5, and 6. In conventional super-
reveal that the relaxation data, particularly those under preg:onductors the transition temperature is a single-valued func-
sure, must be carried out for very long periods of tigmany  tion of pressureT.=T(P), which does not, unless phase
day9 to allow T, to reach its true equilibrium value. Pt 6 in changes occur, depend on the temperature at which the pres-
Fig. 4(a), which was taken after a 34 h annealing time, issure is changed or the detailed thermal history of the sample;
evidently quite far from its equilibrium value. as the pressure changék, varies instantaneously. As we
Following this measurement serie8)( the results of have seen, this is not true for selected oxide superconductors
measurement Seri% were Checked by app|y|ng 0.10 GPa SUCh as T|'2201 and YBCO In these SyStemS the tOta| pl’eS—
pressure at 298 K and releasing it fully at 14 K. No low- sure dependence &t can be separated into two components
temperature relaxation if, was observed for temperatures
above 14 K. ﬂ:(ﬂ
dp dp

dT,
+ aP ) «h)
intrinsic (e]6}

C. Third measurement series the first giving the “intrinsic” change inT. which occurs

In the third experimentmeasurement seri€3) the goal instantaneously following changes in pressure, and the sec-
was to allow sufficient time following pressure changes forond “oxygen ordering” (OO) pressure derivative which

TABLE |. Fit parameters for measurement serfesused in Fig. 2. The optimal values are given in
boldface type.

P (GPa To(%) (K) T.(0) (K) 7(h) a Error x?
0 12.82 14.99 13.11 0.5 0.0019
0 13.08 14.99 7.92 0.6 0.0001

0 13.20 14.99 6.34 0.7 0.0013
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TABLE II. Fit parameters for measurement seri@sised in Figs. 3 and 4. The optimal values are given
in boldface type.

P (GP3 To(%) (K) T.(0) (K) 7(h) a Error x?
0.79 28.69 14.43 61.3 0.5 0.243
0.79 28.69 14.43 47.8 0.6 0.087
0.79 28.69 14.43 40.8 0.7 0.150
0 13.03 21.11 4.09 0.5 0.023
0 13.26 21.11 3.71 0.6 0.012
0 13.41 21.11 3.48 0.7 0.048

gives the time-dependent changesTinwhich occur as the appropriate pressure to the equilibriurg value at ambient

oxygen sublattice rearranges in response to the change pressure, i.e., 13.2 K, thereby obtaining the astefigidata

pressure. These two distinct contributions are seen in thpoints in Figs. 3, ), and %a).°

inset to Fig. 3 where the application of 0.79 GPa pressure at We are now in a position to analyze the pure relaxation

298 K (pt 1-2 causes a larger changeTg than for the full  data at 0, 0.57, and 0.79 GPa pressure. Since the third mea-

release of this pressure at 53(pt 6—7). The reason for this surement seriesC” is the most complete, including mea-

result is thatsomerelaxation occurs in YBCO at 298 K dur- surement times as long as 11 days, we discuss these data

ing the 17 min needed to apply the 0.79 GPa pressure fofirst. We analyze the relaxation behavior in terms of the

lowed by the 1/2 h anneal, butone occurs following the stretched exponentf&i

release of pressure at low temperatures, where

(dT./dP)po=0. From the latter data we then obtain using t\«

EQ. (1) (dTo/dP)jyinee=dT./dP=(+1.95+0.05) K/GPa Tc(t):Tc(“’)—[Tc(‘”)—Tc(O)]GXP{—(;) ] @

from data pts 6—7 in Fig. 3 or data pts 8-9 in Fig. 5. The

data from pts 7—17 in Fig. 3, or pts 9—-17 in Figbh con-  whereT () is the transition temperature after infinite time,

tain pure relaxation data at ambient pressure since the instaifiz(0) is the initial value of the transition temperature before

taneous change iM; has already occurred. relaxation has begury is the relaxation time, and<1 is
The most direct way to obtain pure relaxation data for thethe stretched exponeftt.

sample at high pressures would be to apply the pressure at We now fit Eq.(2) to the experimental data in Fig. 5

low temperatures, and then to anneal the sample at 298 K fdseriesC) using the relaxation time- as a fit variable for

different lengths of time. Unfortunately, the present pressurdixed values ofa. The best fitgsolid lineg are obtained for

cell leaks if pressure is applied at low temperatures, so that=23.8 h for the high-pressure datéD.57 GPa and

pressure had to be applied at the annealing temperature 298-11.1 h for the ambient-pressure data witk 0.6 in both

K itself. To account for the relaxation taking place during thecases. The best fits using other valuesaoére noticeably

pressure application we calculften additional time, giv-  inferior (dashed lines In Fig. 6 the data from Fig.() are

ing the equivalent time at the final pressure of 0.57 or 0.79it using three different values af each leading to a differ-

GPa which would give the same degree of relaxation. Thent value ofT (). 7=11.1 h gives the best fit. The values

value oft, obtained,~ 75 min in both cases, is then added to of all parameters used in these fits are listed in Table IlI.

the nominal annealing times to obtain the data plotted irfFrom the values foff ;(0) andT.(e) we can now calculate

Figs. 4a) and 5a). the pressure derivative solely due to oxygen ordering:
To obtain pure relaxation data at high pressures an add{dT./dP)yo= +(18.05-0.05) K/GPa.
tional correction is necessary: the initial valuelg{ P,t=0) As already mentioned, the annealing times in measure-

must be corrected for the “intrinsic” increase df, with  ment seriesB are too short to allow complete relaxation
pressure @T./dP)iinsic= (+1.95+0.05) K/IGPa. We ac- under pressure. In order to fit the data in Fig. 4 with reason-
count for this by simply adding this intrinsic shift at the able parameters () =28.68 K is calculated for the pres-

TABLE lIl. Fit parameters for measurement sen@sised in Figs. 5 and 6. The optimal values are given
in boldface type.

P (GPa Te() (K) T.(0) (K) 7 (h) a Error x2
0.56 25.04 14.0 32.7 0.5 0.104
0.56 24.29 14.0 23.8 0.6 0.032
0.56 23.86 14.0 20.0 0.7 0.083
0 12.48 23.3 14.47 0.5 0.077
0 13.13 23.3 11.10 0.6 0.009
0 13.54 23.3 9.0 0.6 0.053
0 12.84 23.3 13.0 0.6 0.032
0 13.45 23.3 9.77 0.7 0.041
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600 ner as above, yielding the relaxation times and activation
energies shown in Fig. 7 as solid circles. The results of this
experiment in the diamond-anvil cell will be discussed in
detail elsewheré’

400 V. DISCUSSION

= A. Relaxation at low temperatures

\: Although the present experiments give no evidence for
oxygen relaxation phenomena in the temperature range 14—

200 250 K, we cannot rule out the possibility that relaxation oc-
curs at temperatures below 14 K. We can, however, place an
upper limit on the activation energy for such processes.
Since no change im., is observed for annealing temperatures
between 14 and 250 K, very low-temperature relaxation, if

0 present, must be complete after the 10 min time required for
=+ — the release of pressure at 14 K, i.e(,14 K)<10 min at
ambient pressure. Assuming an Arrhenius law for the rela-
1.05k i tion between activation energy and relaxation time
S E
?J/ T=19" exp[ k—A] , 3)
. : sT

- (b) and the attempt periodro~1.4x10 2s from quench

0.95 — L experiment$, we estimateE,<0.040 eV at ambient pres-

0 1 2 sure. For the pressure 0.79 GPa, the lilji<0.152 eV is
Pressure (GPa) calculated.

o The upper limit for the activation energy of this hypo-
_FIG. 7. (@) Pressure dependence of the relaxation timeb-  hatical very low-temperature relaxation process at ambient
tained from the data fits in Figs. 2, 4, 5, ands®lid triangles,A) pressureE ,=<0.040 eV, is less than the values®f (0.08
and from the diamond-anvil-cell experiments in Ref. &blid 0.12. and 018 e)'/ obtained in internal frictio'n
circles,®). Except at 2.3 GPa, the error is less than the size of th%ea:suremenfé’.There are at least two possible explanations
symbols. Relaxation processes slow down markedly under pressur]gecjr the presen(;e of relaxation peaks at low temperatures in
(b) Pressure dependence of the activation en&gy The slope of the internal friction studies. but the absencg of low-
the linear fit(solid line) is used to calculate the activation volume temperature relaxation abové 14 K in the present experi-
(see text. ments:(i) the atomic motion detected in the internal friction
studies may be of a kind that causes no change in the tran-
sure of 0.79 GPa based omlT./dP)oo= +18.05 K/IGPa  sijtion temperaturd .—this would be the case, for example,
from measurement seriéS. T() is then also used as a if ions other than oxygen are involved or if the oxygen mo-
fixed value for the fit which yieldsr=47.8 h anda=0.6.  tion is between on-chain and off-chain sites in the basal
Ambient pressure data from seridsandC could be best fit  plane which does not change the valence ofiso that no

with «=0.6 as well. _ _ charge is transferred an, remains unaffected, and) the
~ The values of all parameters used in the above fits argolycrystalline sample used in the internal friction studies
listed in Tables I-Ill. The “best-fit” relaxation times are  may have loss modes associated with grain boundaries which

seen in Fig. 7(solid triangle$ to increase rapidly with in-  are not present in our single-crystalline sample.
creasing pressure from 10 to 50 h, a fact which is already
apparent upon visual inspection of the relaxation data in
Figs. 4 and 5. There is some spread in the valuesinfthe
three measurement serigs B, andC at ambient pressure. Whereas the stretched exponentisd0.5 was used in
This is most likely due to the fact that relaxation under presprevious studie$? our relaxation data are best fit far
sure was not complete for measurement sehiesdB, re- =0.6. The precise physical meaning of the exporeiststill
sulting in different starting conditions for the relaxation mea-a matter of controvers3f-?* Most models propose a distribu-
surements at 0 GPa after pressure release. Longer relaxatitian of activation energieg, rather than a single activation
times were obtained for more complete relaxation undeenergy where one would expeet=1. A distribution of ac-
pressure. tivation energies in the Arrhenius laMq. (3)] results in an

In a separate experiment to higher pressures, a small pie@xponenta<<1 in the exponential time dependence in Eq.
taken from the YBCO sample used in the present study wa€2). The hierarchical mod#& proposes distinct interdepen-
placed in a diamond-anvil cell loaded with dense He indent diffusion processes which take place after one another,
which the superconducting transition could be detected vidater processes only being possible after earlier ones have
the ac susceptibility® Three measurement series at 0.7, 1.2taken place. Another modelaccounts for the stretched ex-
and 2.3 GPa were carried out and analyzed in the same mapenential by a distribution of activation energies belonging

B. Pressure-dependent oxygen relaxation
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to different processes occurring at the same time parallel tgign and given byAV,=(4.2+0.2) cni/mol. This molar
each other. Based on the present results neither of the modejglume is 73% of that (5.78 cffmol) of the diffusing spe-
can be favored or ruled out. cies, the oxygen © ion in the CuO chain layer. In the
The ambient pressure value Bj=(0.97+0.01) eV ob-  present case we can assume th&t=0, since the oxygen
tained in the present analysis is in good agreement with th@acancies are already present and need not be created. Thus,
values obtained from both thermal disortférand tracer dif-  the activation volume determined represents only the migra-
fusion studie<.In Fig. 7 it is seen that the relaxation time  tion volume. A positive sign for the activation volume of
increases in a superlinear manner under pressure, wheregggration is found for the majority of metals and ionic
the activation energy increases approximately lineéttie compound$®
attempt periodry=1.4xX10"'*s is assumed to be pressure |n a different approach, Theig al2® determined the ac-
independent The straight line in Fig. (b) represents the tivation volume for interdiffusion in SiGe amorphous thin
best fit to all data up to 2.3 GPa, yieldingEr/dP= films by scaling the time axis of the pressure-dependent dif-
+(44+2) meV/GPa. If only the He-gas dat@olid tri-  fusion data, so that data points for different pressures fall on
angles are fit, the pressure dependence changes only slightihe same curve. The scaling factpis a function of pressure
to dEx/dP=+(46*=10) meV/GPa. It is thus evident that and its logarithmic pressure derivative leads to the activation
diffusion processes in YBCO slow down markedly underyolume. The advantage of this method of analysis is its in-
pressure. From our results we estimate the relaxation time afependence from any fit equation like ). This alternate

5 GPa to be 6.5 years. This pressure-dependent relaxatiemalysis of our data gives within 3% the same valud f,
must be taken into account when analyziRd P) data on  as obtained above.

YBCO to very high pressures. Dyakonev al?® have very In summary, the present studies under high pressure on an
recently reported that in NdB@&u;Og 57 the oxygen ordering  oxygen-deficient YBCO crystal have given no evidence for
processes appear to slow down under pressure. relaxation processes in the oxygen sublattice at low tempera-

The relaxation timerin YBCO has recently been found to tures (14-250 K), in contrast to the relaxation behavior in
increase with decreasing oxygen conter@ince both the TI-2201. The relaxation peaks observed in internal friction
unit-cell volume and the area of the basal plane in YBCOstudies on YBCO at low temperatures thus apparently in-
increases with decreasing oxygen confettilis increase i volve processes with no link to the superconducting state.
would not appear to be related to the present result where We do observe relaxation ifi, for temperatures above 250
increases under pressui@ecreasing unit-cell volumeThe K, yielding a distribution of activation energies near 0.97 eV,
increase int with decreasing oxygen content might be re-in agreement with earlier high-pressure studies and tracer
lated to the fact that at lower oxygen concentrations the oxydiffusion measurements. We find the relaxation time to in-
gen ordering process involves the diffusion of oxygen aniongrease rapidly with pressure from approximately 10 h at am-
over larger distances in the sparcely populated oxygen suliyient pressure to 50 h at 0.79 GPa and to 550 h at 2.3 GPa;
lattice. the corresponding rate of increase of the activation energy is

The pressure dependence of diffusion phenomena is NotE, /d P= + 44 meV/GPa.
mally analyzed in terms of the activation volum& , which
can be calculated from the pressure dependence of the relax-
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