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Pressure-dependent oxygen ordering in strongly underdoped YBa2Cu3O72y
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~Received 24 July 1997!

Previous studies on the high-Tc superconductor Tl2Ba2CuO61d 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 underdoped YBa2Cu3O6.41 with Tc(0).13 K reveal only high-
temperature relaxation processes with a relaxation timet at 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 cm3/mol, a value equal to three-quarters of the molar volume of the O22 ion.
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I. INTRODUCTION

It is well established that the transition temperatureTc in
high-temperature superconductors may depend strongly
both thecontentand thearrangementof oxygen defects in
the lattice.1,2 The latter effect was observed by Vealet al.2 in
YBa2Cu3O72y ~YBCO! who varied the degree of order in th
oxygen sublattice through suitable heat treatment, chan
Tc by more than 20 K. These results were analyzed in te
of a simple model3 in which the valence of the Cu~1! ions in
the chains, and thus the concentration of charge carrier
the CuO2 planes, depends on the local coordination of Cu~1!
to surrounding oxygen defects. Soon thereafter it was sh
by Sieburger and Schilling4 for Tl2Ba2CuO61d ~Tl-2201! that
the degree of oxygen order is also a sensitive function
hydrostatic pressure, if the pressure is applied at room t
perature~RT!. Subsequent studies by Fietzet al.5 confirmed
the existence of analogous pressure effects in YBCO;
relaxation time for both thermal-2 and pressure-induced6 re-
laxation effects in YBCO was found to lie in the range 1–
h ~activation energyEA.0.91 to 0.97 eV! for oxygen defi-
ciencies y50.3 to 0.6, respectively. Tracer diffusio
experiments7 at RT on YBCO yieldEA.0.97 eV when de-
termined over a range of oxygen stoichiometries.

In view of the high sensitivity of the value ofTc to the
degree of local oxygen order in both YBCO and Tl-2201
is important both from practical and fundamental standpo
to clearly establish in which high-Tc systems, and unde
what circumstances, oxygen ordering effects play a sign
cant role. It is not widely appreciated that these relaxat
effects can be easily overlooked since the temperature m
be carefully chosen so as to match the relaxation timet to
the time scale of the experiment. Changing the degree
oxygen ordering through heat treatment or application
pressure represent mutually complimentary techniques.

In addition to pressure-induced oxygen relaxation at R
Kleheet al.8 found evidence in Tl-2201 for significant relax
ation effects at low temperatures~50–100 K!. Subsequent
studies to higher pressure in a diamond-anvil cell by Loon
et al.9 revealed, in fact, that this low-temperature relaxat
560163-1829/97/56~21!/14168~8!/$10.00
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persists down to temperatures as low as 13 K, and perh
lower. The data show clearly that there are two distinct
laxation mechanisms: a ‘‘fast’’ process with relatively lo
activation energy (EA<0.25 eV) responsible for the low
temperature relaxation, and a second ‘‘slow’’ proce
(EA'1 eV) which becomes important near RT. Since t
magnitude of either relaxation process is a sensitive func
of the content of interstitial oxygen, it is highly likely tha
both have their origin in rearrangements within the inters
tial oxygen sublattice. We have suggested that the lo
temperature relaxation may originate from the oscillation
a given interstitial oxygen defect between two equivale
sites within the Tl2O2 double-layer in a single unit cell,8,9

whereas the high-temperature relaxation arises from lo
range diffusive motion of the interstitial oxygen.4

It is clearly of interest to determine whether or not YBC
also exhibits oxygen relaxation effects at low temperatur
Internal friction studies10 on YBCO have revealed relaxatio
peaks in the range 0.08–0.2 eV which would yield very sh
relaxation times, even at low temperatures~;1026 s at 60
K!; this has prompted us to suggest8 that transient photoin-
duced superconductivity in this compound may origina
from oxygen relaxation processes. Recent studies
Guimpelet al.11 show that thermally induced oxygen orde
ing and persistent photoconductivity have a common ph
cal origin in the rearrangement of oxygen anions. In the p
vious high-pressure studies by Fietzet al.5,6 on YBCO the
pressure was changed at temperatures near 90 K which
cludes the identification of possible relaxation processe
temperatures lower than 90 K. In addition, since the m
surement ofTc itself involves a slow temperature sweep~30
min! through the temperature range within65 K of Tc , the
sample is effectively annealed at this temperature, preclud
the study of relaxation effects at temperatures lower thanTc .
If the value ofTc is used to study relaxation effects at lo
temperature, therefore, a sample with as low aTc value as
possible should be chosen.

In this paper we report the results of a search for lo
temperature relaxation phenomena in YBCO to temperatu
as low as 14 K. To this end we have selected a homogene
14 168 © 1997 The American Physical Society
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56 14 169PRESSURE-DEPENDENT OXYGEN ORDERING IN . . .
single crystal of YBa2Cu3O6.41 with Tc.13 K at ambient
pressure. In contrast to the results for Tl-2201, we find
evidence whatsoever for relaxation effects in YBCO for te
peratures between 14 and 250 K; relaxation sets in rap
for temperatures above 250 K. In addition, we find the rel
ation time to increase significantly with pressure.

II. EXPERIMENTAL

The sample studied in the present experiments is a si
crystal of YBa2Cu3O72y ~right-angle parallelopiped with di
mensions 13130.26 mm3 and mass 1.65 mg!. The crystal
was grown in air in a gold crucible using the convention
‘‘self-flux’’ procedure from a mixture containing Y:Ba:Cu in
the ratios 5:27:68. The sample was cooled from 980
930 °C at 0.2 and at 0.4 °C/h from 930 to 880 °C. The ox
gen content was subsequently adjusted by heat treating
crystal for 309 h at 520 °C in a flowing gas mixture
0.113% O2 in N2. The oxygen pressure was continuous
monitored using a zirconia-cell oxygen pressure mon
manufactured by Ametek, Inc. After the equilibration
O2/N2, the sample was quenched into liquid nitrogen. T
procedure produces a sample withTc.13 K and with oxy-
gen stoichiometry 7-y56.41, as established with prior cal
bration studies.12 To obtain a room-temperature equilibriu
oxygen vacancy ordered condition, the sample was age
room temperature (29561 K) for over two months before
measurements were performed.

The He-gas pressure system~Harwood! used in this study
is capable of reaching hydrostatic pressures to 1.4 GPa.
CuBe pressure cell~Unipress! is inserted into a two-stag
closed-cycle refrigerator~Leybold! which operates in the
temperature range 2–320 K. The pressure in the pressure
can be changed at any temperature above the melting c
Tm ~Ref. 13! of the pressure medium He~for example,Tm
513.8 K at 0.1 GPa andTm552.4 K at 0.8 GPa!. The pres-
sure decrease upon cooling is kept to below 20% by
introduction of an appreciable ‘‘dead volume’’ at RT.

The superconducting transition is measured by the ac
ceptibility technique using a miniature primary/seconda
coil system located inside the 7 mm I.D. bore of the He-g
pressure cell. In the present studies a magnetic field of
Oe ~rms! at 507 Hz is applied along thec axis ~short dimen-
sion! of the crystal perpendicular to the CuO2 planes. From
the sample dimensions given above, the demagnetiza
factor is calculated to beD50.64.14 Details of the experi-
mental setup are given elsewhere.15

III. RESULTS OF EXPERIMENT

A. First measurement series

Three consecutive series of high-pressure measurem
~labeledA, B, andC! were carried out on the YBa2Cu3O6.41
single crystal to hydrostatic pressures at RT of 0.10, 0
and 0.57 GPa, respectively. At temperatures nearTc these
pressures decrease to 0.09, 0.65, and 0.46 GPa, respect
due to the contraction of He upon cooling. Results of the fi
(A) series of experiments are shown in Fig. 1 where the
x8 and imaginaryx9 parts of the ac susceptibility are plotte
versus temperature. The transition widths are seen to be q
narrow for such a strongly underdoped sample, undersco
o
-
ly
-

le

l

o
-
he

r

s

at

he

ell
ve

e

s-
y
s
.1

on

nts

9,

ely,
t

al

ite
ng

the good sample homogeneity. The size of the supercond
ing transition is large and would be consistent with fu
shielding (Dx8521/4p) for a demagnetization factor o
D50.66,16 in excellent agreement with the valueD50.64
derived from the sample geometry.14 We arbitrarily take the
midpoint of the superconducting transition inx8 to define the
value ofTc . The superconducting onset was also monito
and found to shift by the same amount as the midpoint
lowing changes in pressure, annealing time or annealing t
perature. The changes inTc could be determined to the high
est accuracy~better than630 mK! by shifting the transition
curves along the temperature axis until overlap occurs.

As seen in Fig. 1, the transition temperature of the crys
at ambient pressure is equal toTc(0)513.5 K ~curve 1! fol-
lowing a two month storage at the temperature 29561 K. A
pressure of 0.10 GPa was then applied at 298 K~0.09 GPa at
low temperature! and the sample was retained at this te
perature for 17 h to allow the oxygen ordering to rea
equilibrium17 before cooling down at the highest possib
rate~3–5 K/min! to measureTc515.3 K ~curve 2!. The very
large value of the pressure derivative obtained,dTc /dP'
120 K/GPa, is in reasonable agreement with earlier stud
by Fietzet al.6 After releasing the pressure fully at 16.5 K,
K above the melting temperature of He at 0.09 GPa,13 Tc
was immediately remeasured and found to have decreas
Tc515.0 K ~curve 3 in Fig. 1!. The sample was then warme
up rapidly to consecutively higher annealing temperatu
Tanneal, annealed there for 1 h, and then cooled down
remeasureTc . Within experimental error, no further chang
in Tc is observed for annealing temperatures as high as
K, as seen in Fig. 2. In this experiment, therefore, we find
evidence for relaxation phenomena at low temperatures;
is one of the main results of the present paper.

Following the 1 h anneal at 280 K~pt 18!, the relaxation
in Tc is determined for various cumulative annealing tim

FIG. 1. Realx8 and imaginary partsx9 of the ac susceptibility
of YBa2Cu3O6.41 at 1.1 Oe~rms!. Encircled numbers give order o
measurement. Applying 0.10 GPa pressure at 298 K shiftsTc from
13.5 K ~d! to 15.3 K~j! after 17 h annealing.Tc decreases to 15.0
K ~m! after fully releasing the pressure at 16.5 K.
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~1, 3, 10, 21, 44 h! at the fixed temperature 298 K~pts 19 to
23! ~see inset to Fig. 2!. The fit to these data given by th
solid line will be discussed below in the ‘‘analysis’’ sectio
An estimate of the relaxation taking place while the sam
is warmed up to 298 K and cooled down again gives
change inTc of less than 15 mK. This effect is smaller tha
the experimental uncertainty and will thus be neglected.

For pts 22 and 23 in Fig. 2,Tc is seen to relax backpast
its initial value for pt 1@Tc(0)513.5 K#. The reason for this
behavior is the fact that, prior to measuring pt 1, the sam
had been stored for two months at 29561 K. Prior to mea-
suring pt 23, however, the sample had been annealed a
higher temperature of 298 K for 44 h. The equilibrium sta
in the oxygen sublattice at 298 K contains a higher degre
disorder than at 295 K, leading to the lower value ofTc . To
check this explanation, after pt 23 we annealed the sam
for 19 h at 293 K;Tc was observed to shift back up i
temperature by 0.3 K from 13.2 to 13.5 K. According to Ve
et al.,2 if the storage temperature of an underdoped YBC
sample withTc'13 K is decreased by 5 K, the enhanc
order in the oxygen sublattice would result in an increase
Tc by approximately 0.4 K, in excellent agreement with o
present findings. Following measurement seriesA, the
sample was annealed at ambient pressure at 298 K for
days to bring the sample back into its equilibrium state.

B. Second measurement series

To explore the possibility that pressures higher than 0
GPa might be required to excite low-temperature relaxa
processes, a pressure of 0.79 GPa was then applied at 2
~measurement seriesB! and held at that temperature for co
secutive time intervals up to 34 h total, raisingTc from 13.2
to 22.4 K, as seen in the inset to Fig. 3~pts 1–6!. The
dependence ofTc on annealing time after the application
0.79 GPa pressure is shown in Fig. 4~a!.

The pressure was then fully released at 53 K, a temp
ture 5 K above the melting curve of He;13 Tc was then im-
mediately remeasured and found to have decreased
22.4 to 21.1 K. Annealing the sample at 53 K for 3 h resulted

FIG. 2. Dependence ofTc for YBa2Cu3O6.41 on the annealing
temperature~seriesA! following the application of 0.10 GPa pres
sure at 298 K and its full release at 16.5 K. Numbers give orde
measurement. The solid line is a guide to the eye. Inset shows
time dependence ofTc after fully releasing the pressure at 16.5
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in no further change inTc ~pt 8!. Also subsequent annealin
at 100 and 200 K for 1 h resulted in no measurable chang
Tc , as seen in Fig. 3. As for the previous measuremen
0.10 GPa, no low-temperature relaxation phenomena w
observed to 0.79 GPa pressure for the present YBCO sam
High-temperature relaxation was observed by annealing
sample at 298 K for consecutively longer time periods to
h total, as seen in Figs. 3 and 4~b! ~pts 11–17!. Following
this 87 h anneal at 298 K, theTc value is seen to revert bac
to within 40 mK of the initial value~13.2 K! for pt 1.

f
he

FIG. 3. Dependence ofTc for YBa2Cu3O6.41 on the annealing
temperature~seriesB! following ~inset! the application of 0.79 GPa
pressure at 298 K and its release at 53 K. Numbers give orde
measurement. Solid lines are guides to the eye. See text for m
ing of the asterisk~* ! point.

FIG. 4. Relaxation data at 298 K in seriesB at ~a! 0.79 GPa and
at ~b! ambient pressure. Lines are best fits to data using Eq.~2! for
different values ofa. See text for meaning of the asterisk~* ! point.
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56 14 171PRESSURE-DEPENDENT OXYGEN ORDERING IN . . .
From a visual inspection of the data in Figs. 4~a! and 4~b!
it is immediately evident that the relaxation ofTc proceeds
more slowly following theapplication of pressure than the
releaseof pressure, i.e., the relaxation timet increases if the
lattice is compressed. The more detailed analysis in the
lowing section ‘‘analysis of relaxation data’’ confirms th
assertion. The measurement seriesA and B ~Figs. 2 and 4!
reveal that the relaxation data, particularly those under p
sure, must be carried out for very long periods of time~many
days! to allow Tc to reach its true equilibrium value. Pt 6 i
Fig. 4~a!, which was taken after a 34 h annealing time,
evidently quite far from its equilibrium value.

Following this measurement series (B), the results of
measurement seriesA were checked by applying 0.10 GP
pressure at 298 K and releasing it fully at 14 K. No low
temperature relaxation inTc was observed for temperature
above 14 K.

C. Third measurement series

In the third experiment~measurement seriesC! the goal
was to allow sufficient time following pressure changes

FIG. 5. Relaxation data at 298 K in seriesC at ~a! 0.57 GPa and
at ~b! ambient pressure. Lines are best fits to data using Eq.~2! for
different values ofa. See text for meaning of the asterisk~* ! point.
l-

s-

r

the sample to reach full thermal equilibrium. The sample w
first annealed at 298 K at ambient pressure for 38 h be
0.57 GPa pressure was applied over a 35 min period.
sample was then annealed at 298 K under this pressure fo
min before being cooled down at the maximum rate to m
sureTc @pt 1 in Fig. 5~a!#. The relaxation inTc at the 0.57
GPa pressure was then measured as a function of the an
ing time at 298 K up to a maximum time of 269 h~more than
11 days!. The pressure was then fully released at 45 K a
the sample immediately cooled down to determineTc ~pt 9!.
The relaxation ofTc at ambient pressure was then measu
for consecutively longer annealing times at 298 K to a ma
mum time of 126 h@pts 10–17 in Fig. 5~b!#. The analysis of
the relaxation data is presented in the following section.

IV. ANALYSIS OF RELAXATION DATA

We now proceed with an analysis of the time-depend
relaxation data in Figs. 2, 4, 5, and 6. In conventional sup
conductors the transition temperature is a single-valued fu
tion of pressure,Tc5Tc(P), which does not, unless phas
changes occur, depend on the temperature at which the p
sure is changed or the detailed thermal history of the sam
as the pressure changes,Tc varies instantaneously. As w
have seen, this is not true for selected oxide superconduc
such as Tl-2201 and YBCO. In these systems the total p
sure dependence ofTc can be separated into two componen

dTc

dP
5S dTc

dP D
intrinsic

1S dTc

dP D
OO

, ~1!

the first giving the ‘‘intrinsic’’ change inTc which occurs
instantaneously following changes in pressure, and the
ond ‘‘oxygen ordering’’ ~OO! pressure derivative which

FIG. 6. Relaxation data at 298 K in seriesC at ambient pressure
fitted to Eq.~2! for a50.6 using different relaxation timest.
in
TABLE I. Fit parameters for measurement seriesA used in Fig. 2. The optimal values are given
boldface type.

P ~GPa! Tc(`) ~K! Tc(0) ~K! t ~h! a Error x2

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 seriesB used in Figs. 3 and 4. The optimal values are giv
in boldface type.

P ~GPa! Tc(`) ~K! Tc(0) ~K! t ~h! a Error x2

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
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gives the time-dependent changes inTc which occur as the
oxygen sublattice rearranges in response to the chang
pressure. These two distinct contributions are seen in
inset to Fig. 3 where the application of 0.79 GPa pressur
298 K ~pt 1–2! causes a larger change inTc than for the full
release of this pressure at 53 K~pt 6–7!. The reason for this
result is thatsomerelaxation occurs in YBCO at 298 K dur
ing the 17 min needed to apply the 0.79 GPa pressure
lowed by the 1/2 h anneal, butnone occurs following the
release of pressure at low temperatures, wh
(dTc /dP)OO50. From the latter data we then obtain usi
Eq. ~1! (dTc /dP) intrinsic5dTc /dP5(11.9560.05) K/GPa
from data pts 6–7 in Fig. 3 or data pts 8–9 in Fig. 5. T
data from pts 7–17 in Fig. 3, or pts 9–17 in Fig. 5~b!, con-
tain pure relaxation data at ambient pressure since the ins
taneous change inTc has already occurred.

The most direct way to obtain pure relaxation data for
sample at high pressures would be to apply the pressu
low temperatures, and then to anneal the sample at 298 K
different lengths of time. Unfortunately, the present press
cell leaks if pressure is applied at low temperatures, so
pressure had to be applied at the annealing temperature
K itself. To account for the relaxation taking place during t
pressure application we calculate18 an additional timet0 giv-
ing the equivalent time at the final pressure of 0.57 or 0
GPa which would give the same degree of relaxation. T
value oft0 obtained,;75 min in both cases, is then added
the nominal annealing times to obtain the data plotted
Figs. 4~a! and 5~a!.

To obtain pure relaxation data at high pressures an a
tional correction is necessary: the initial value ofTc(P,t50)
must be corrected for the ‘‘intrinsic’’ increase ofTc with
pressure (dTc /dP) intrinsic5(11.9560.05) K/GPa. We ac-
count for this by simply adding this intrinsic shift at th
in
e
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re
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e
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or
e
at
98
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i-

appropriate pressure to the equilibriumTc value at ambient
pressure, i.e., 13.2 K, thereby obtaining the asterisk~* ! data
points in Figs. 3, 4~a!, and 5~a!.19

We are now in a position to analyze the pure relaxat
data at 0, 0.57, and 0.79 GPa pressure. Since the third m
surement series ‘‘C’’ is the most complete, including mea
surement times as long as 11 days, we discuss these
first. We analyze the relaxation behavior in terms of t
stretched exponential20,21

Tc~ t !5Tc~`!2@Tc~`!2Tc~0!#expH 2S t

t D aJ , ~2!

whereTc(`) is the transition temperature after infinite tim
Tc(0) is the initial value of the transition temperature befo
relaxation has begun,t is the relaxation time, anda<1 is
the stretched exponent.22

We now fit Eq. ~2! to the experimental data in Fig.
~seriesC! using the relaxation timet as a fit variable for
fixed values ofa. The best fits~solid lines! are obtained for
t523.8 h for the high-pressure data~0.57 GPa! and
t511.1 h for the ambient-pressure data witha50.6 in both
cases. The best fits using other values ofa are noticeably
inferior ~dashed lines!. In Fig. 6 the data from Fig. 5~b! are
fit using three different values oft, each leading to a differ-
ent value ofTc(`). t511.1 h gives the best fit. The value
of all parameters used in these fits are listed in Table
From the values forTc(0) andTc(`) we can now calculate
the pressure derivative solely due to oxygen orderi
(dTc /dP)OO51(18.0560.05) K/GPa.

As already mentioned, the annealing times in measu
ment seriesB are too short to allow complete relaxatio
under pressure. In order to fit the data in Fig. 4 with reas
able parameters,Tc(`)528.68 K is calculated for the pres
en
TABLE III. Fit parameters for measurement seriesC used in Figs. 5 and 6. The optimal values are giv
in boldface type.

P ~GPa! Tc(`) ~K! Tc(0) ~K! t ~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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sure of 0.79 GPa based on (dTc /dP)OO5118.05 K/GPa
from measurement seriesC. Tc(`) is then also used as
fixed value for the fit which yieldst547.8 h anda50.6.
Ambient pressure data from seriesA andC could be best fit
with a50.6 as well.

The values of all parameters used in the above fits
listed in Tables I–III. The ‘‘best-fit’’ relaxation timest are
seen in Fig. 7~solid triangles! to increase rapidly with in-
creasing pressure from;10 to 50 h, a fact which is alread
apparent upon visual inspection of the relaxation data
Figs. 4 and 5. There is some spread in the values oft in the
three measurement seriesA, B, andC at ambient pressure
This is most likely due to the fact that relaxation under pr
sure was not complete for measurement seriesA andB, re-
sulting in different starting conditions for the relaxation me
surements at 0 GPa after pressure release. Longer relax
times were obtained for more complete relaxation un
pressure.

In a separate experiment to higher pressures, a small p
taken from the YBCO sample used in the present study
placed in a diamond-anvil cell loaded with dense He
which the superconducting transition could be detected
the ac susceptibility.23 Three measurement series at 0.7, 1
and 2.3 GPa were carried out and analyzed in the same m

FIG. 7. ~a! Pressure dependence of the relaxation timet ob-
tained from the data fits in Figs. 2, 4, 5, and 6~solid triangles,m!
and from the diamond-anvil-cell experiments in Ref. 24~solid
circles,d!. Except at 2.3 GPa, the error is less than the size of
symbols. Relaxation processes slow down markedly under pres
~b! Pressure dependence of the activation energyEA . The slope of
the linear fit~solid line! is used to calculate the activation volum
~see text!.
re

n

-

-
ion
r
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,
n-

ner as above, yielding the relaxation times and activat
energies shown in Fig. 7 as solid circles. The results of
experiment in the diamond-anvil cell will be discussed
detail elsewhere.24

V. DISCUSSION

A. Relaxation at low temperatures

Although the present experiments give no evidence
oxygen relaxation phenomena in the temperature range
250 K, we cannot rule out the possibility that relaxation o
curs at temperatures below 14 K. We can, however, place
upper limit on the activation energy for such process
Since no change inTc is observed for annealing temperatur
between 14 and 250 K, very low-temperature relaxation
present, must be complete after the 10 min time required
the release of pressure at 14 K, i.e.,t(14 K)<10 min at
ambient pressure. Assuming an Arrhenius law for the re
tion between activation energy and relaxation time

t5t0• expH EA

kBTJ , ~3!

and the attempt periodt0'1.4310212 s from quench
experiments,2 we estimateEA<0.040 eV at ambient pres
sure. For the pressure 0.79 GPa, the limitEA<0.152 eV is
calculated.

The upper limit for the activation energy of this hypo
thetical very low-temperature relaxation process at amb
pressure,EA<0.040 eV, is less than the values ofEA ~0.08,
0.12, and 0.18 eV! obtained in internal friction
measurements.10 There are at least two possible explanatio
for the presence of relaxation peaks at low temperature
the internal friction studies, but the absence of lo
temperature relaxation above 14 K in the present exp
ments:~i! the atomic motion detected in the internal frictio
studies may be of a kind that causes no change in the t
sition temperatureTc—this would be the case, for exampl
if ions other than oxygen are involved or if the oxygen m
tion is between on-chain and off-chain sites in the ba
plane which does not change the valence of Cu~1!, so that no
charge is transferred andTc remains unaffected, and~ii ! the
polycrystalline sample used in the internal friction stud
may have loss modes associated with grain boundaries w
are not present in our single-crystalline sample.

B. Pressure-dependent oxygen relaxation

Whereas the stretched exponentiala50.5 was used in
previous studies,2,25 our relaxation data are best fit fora
50.6. The precise physical meaning of the exponenta is still
a matter of controversy.20,21Most models propose a distribu
tion of activation energiesEA rather than a single activatio
energy where one would expecta51. A distribution of ac-
tivation energies in the Arrhenius law@Eq. ~3!# results in an
exponenta,1 in the exponential time dependence in E
~2!. The hierarchical model20 proposes distinct interdepen
dent diffusion processes which take place after one anot
later processes only being possible after earlier ones h
taken place. Another model21 accounts for the stretched ex
ponential by a distribution of activation energies belongi

e
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to different processes occurring at the same time paralle
each other. Based on the present results neither of the mo
can be favored or ruled out.

The ambient pressure value ofEA5(0.9760.01) eV ob-
tained in the present analysis is in good agreement with
values obtained from both thermal disorder2,25 and tracer dif-
fusion studies.7 In Fig. 7 it is seen that the relaxation timet
increases in a superlinear manner under pressure, whe
the activation energy increases approximately linearly~the
attempt periodt0.1.4310212 s is assumed to be pressu
independent!. The straight line in Fig. 7~b! represents the
best fit to all data up to 2.3 GPa, yieldingdEA /dP.
1(4462) meV/GPa. If only the He-gas data~solid tri-
angles! are fit, the pressure dependence changes only slig
to dEA /dP.1(46610) meV/GPa. It is thus evident tha
diffusion processes in YBCO slow down markedly und
pressure. From our results we estimate the relaxation tim
5 GPa to be 6.5 years. This pressure-dependent relax
must be taken into account when analyzingTc(P) data on
YBCO to very high pressures. Dyakonovet al.26 have very
recently reported that in NdBa2Cu3O6.67 the oxygen ordering
processes appear to slow down under pressure.

The relaxation timet in YBCO has recently been found t
increase with decreasing oxygen content.6 Since both the
unit-cell volume and the area of the basal plane in YBC
increases with decreasing oxygen content,1 this increase int
would not appear to be related to the present result whet
increases under pressure~decreasing unit-cell volume!. The
increase int with decreasing oxygen content might be r
lated to the fact that at lower oxygen concentrations the o
gen ordering process involves the diffusion of oxygen ani
over larger distances in the sparcely populated oxygen
lattice.

The pressure dependence of diffusion phenomena is
mally analyzed in terms of the activation volumeDVA which
can be calculated from the pressure dependence of the r
ation time27

DVA5DVf1DVm5RTS ] lnt

]P D , ~4!

whereDVf is the change in volume due to the formation o
vacancy or interstitial, andDVm is the volume change due t
the migration of the diffusing atom. The activation volum
obtained from Eq.~4! for the present RT data is positive i
M
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sign and given byDVA5(4.260.2) cm3/mol. This molar
volume is 73% of that (5.78 cm3/mol) of the diffusing spe-
cies, the oxygen O22 ion in the CuO chain layer. In the
present case we can assume thatDVf50, since the oxygen
vacancies are already present and need not be created.
the activation volume determined represents only the mig
tion volume. A positive sign for the activation volume o
migration is found for the majority of metals and ion
compounds.28

In a different approach, Theisset al.29 determined the ac-
tivation volume for interdiffusion in SiGe amorphous th
films by scaling the time axis of the pressure-dependent
fusion data, so that data points for different pressures fal
the same curve. The scaling factorg is a function of pressure
and its logarithmic pressure derivative leads to the activa
volume. The advantage of this method of analysis is its
dependence from any fit equation like Eq.~2!. This alternate
analysis of our data gives within 3% the same value ofDVA
as obtained above.

In summary, the present studies under high pressure o
oxygen-deficient YBCO crystal have given no evidence
relaxation processes in the oxygen sublattice at low temp
tures ~14–250 K!, in contrast to the relaxation behavior i
Tl-2201. The relaxation peaks observed in internal fricti
studies on YBCO at low temperatures thus apparently
volve processes with no link to the superconducting sta
We do observe relaxation inTc for temperatures above 25
K, yielding a distribution of activation energies near 0.97 e
in agreement with earlier high-pressure studies and tra
diffusion measurements. We find the relaxation time to
crease rapidly with pressure from approximately 10 h at a
bient pressure to 50 h at 0.79 GPa and to 550 h at 2.3 G
the corresponding rate of increase of the activation energ
dEA /dP.144 meV/GPa.
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