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Pressure dependence ofTc to 17 GPa with and without relaxation effects
in superconducting YBa2Cu3Ox
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Hydrostatic high-pressure studies to 17 GPa were carried out on superconducting YBa2Cu3Ox over the full
range of oxygen contentx. The observed bell-shapedTc(P) dependences are found to depend markedly on the
temperature at which the pressure is changed. The time-dependent relaxation processes are studied using both
Tc and the electrical resistivity at 298 K as probes. The activation volume for oxygen diffusion is determined
from the pressure-dependent activation energy and compared with estimates from a simple hard-sphere model.
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I. INTRODUCTION

For a given superconductor the dependence ofTc on pres-
sure is of considerable interest since it contains informa
about the mechanism~s! responsible for the superconductin
state itself. As does the isotope effect, the universal decr
of Tc with pressure in simple-metal superconductors~Sn, Al,
In, etc.! points to the importance of electron-phono
coupling.1 In transition metal superconductors the interpre
tion of theTc(P) data is more difficult since changes in bo
the lattice vibrational and electronic properties make sign
cant contributions. In high-Tc superconductors~HTSC! the
situation is considerably more complex sinceTc depends
sensitively on properties such as the carrier concentrat
the degree of buckling in the CuO2 plane~s!, the occurrence
of structural phase transitions, and pressure-induced re
ation phenomena.

In YBa2Cu3Oy ~Y-123!,2,3 Tl2Ba2CuO61x ~Tl-2201!,4–6

and other high-Tc superconductors7 the initial dependence o
Tc on pressure often depends markedly on the press
temperature history of the sample. The relaxation phen
ena responsible for this behavior are believed to origin
from pressure-induced ordering of mobile oxygen defects
the lattice; the value ofTc appears to be a sensitive functio
of both theconcentrationand thearrangementof these de-
fects. It is important to gain an understanding of these co
plex structural phenomena before comparing experime
data with the predictions of theoretical models which gen
ally assume an idealized lattice. Varying pressure or te
perature affects both the mobility and the degree of orde
of oxygen defects in opposite ways: increasing press
~temperature! diminishes~enhances! the mobility of oxygen
but increases~reduces! the degree of oxygen ordering.3 Com-
bined pressure/temperature experiments thus allow on
obtain information on relaxation phenomena in HTSC wh
could otherwise not be obtained.

Almost all previous studies of pressure-induced relaxat
behavior in oxide superconductors have been restricted to
pressure range below 1 GPa whereTc normally increases
PRB 610163-1829/2000/61~1!/741~9!/$15.00
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linearly with pressure at a rate which may depend stron
on the temperature at which the pressure is changed.1,7 In
strongly underdoped Y-123, for example, Fietzet al.2 have
shown that the derivativedTc /dP increases tenfold if the
pressure is changed at room temperature~RT! rather than at
low temperatures~LT! below 90 K. Since for this system th
relaxation processes appear to only become activated
temperatures above 240 K,3 the LT derivative (dTc /dP)LT
should reflect the initial pressure dependence ofTc , devoid
of any relaxation effects. For the most underdoped Y-1
samples (x'6.4), Fietzet al. find (dTc /dP)LT'2 K/GPa,
increasing with oxygen contentx to a maximum value of17
K/GPa forx'6.7, before falling toward zero for nearly op
timally doped samples.2 It would be of interest to extend
these previous measurements to 1 GPa to much higher p
sures in order to obtain the intrinsic pressure depende
Tc(P), free from relaxation effects. With the exception
our work on a single Y-123 sample,8 all previousvery high
pressure studies on HTSC’s~Refs. 1 and 9! have been car-
ried out by changing the pressure at RT, so that the meas
Tc(P) dependences may contain important contributio
from relaxation effects.

In this paper we present the hydrostatic high-press
studies to 17 GPa on YBa2Cu3Ox over the full range of oxy-
gen contentx where the temperature is maintained below 2
K to suppress relaxation effects.Tc(P) follows a bell-shaped
curve; both the initial slopedTc /dP and the pressure
P(Tc

max) where Tc(P) passes through a maximum take o
their maximum values nearx'6.7. From the measuremen
of the pressure-dependent relaxation processes the activ
volume for oxygen diffusion is found to be somewhat le
than the molar volume of the O22 ion and agrees within a
factor of 2 with estimates from a simple hard-sphere dif
sion model.

II. EXPERIMENT

The samples studied in the present experiments are si
crystals of YBa2Cu3Ox which have been broken off from th
741 ©2000 The American Physical Society



us
e
te
re

ow

o
ur
a-
fi
c
f
t
h

pe
ils

e
f
flo
at
s

bie
rc

th
.
si
u
he

A
re
ty

f
r
le

re
y a
tem-
ure
3

ary
ure

ple
he
en

can
ion

a to
-
ow,

ut
ple

the

ext
in

ime
tion

e

r

olid
shed

742 PRB 61SADEWASSER, SCHILLING, PAULIKAS, AND VEAL
mother crystal. The crystals are grown in gold crucibles
ing the conventional ‘‘self-flux’’ procedure from a mixtur
containing Y:Ba:Cu in the ratios 5:27:68 using cooling ra
varying from 0.3 to 1 °C/h. The oxygen stoichiometries we
subsequently adjusted by heating the crystals either in fl
ing O2 or in a gas mixture of O2 and N2 as specified in Table
I. During the heat treatment, the oxygen pressure was c
tinuously monitored using a zirconia-cell oxygen press
monitor manufactured by Ametek, Inc. After the equilibr
tion, the samples were quenched into liquid nitrogen to
the stoichiometry. To obtain an equilibrium oxygen vacan
ordered condition at RT, the samples were aged at 295 K
over two months before measurements were performed. S
chiometries were estimated using the calibration of stoic
ometry vs PO2 ~at 520 °C! reported in Ref. 11.

The diamond-anvil cell~DAC!, which is suitable for stud-
ies to very high pressures, is made of hardened cop
beryllium alloy fitted with 1/6-carat 16-sided diamond anv
having 0.5 mm culet diameter. Gaskets of Ni125 wt. % Mo
alloy with diameter 2.2 mm and thickness near 300mm are
preindented to;80 mm. The Y-123 crystal~typical size
0.130.130.05 mm3! together with a small ruby chip ar
placed in a 240mm diam hole drilled through the center o
the gasket. The pressure clamp is placed in a continuous
cryostat and superfluid4He is loaded into the gasket hole
2 K to serve as pressure medium. The pressure in the ga
hole can be increased at any temperature at or below am
by loading a membrane with a few bars of He gas to fo
the diamond-anvils together. The pressure in the cell can
determined at any temperature below RT by measuring
pressure-induced shift in the R1 fluorescence line of ruby
second ruby chip at ambient pressure is located just out
the pressure cell, allowing the correction for the temperat
shift of the ruby line. The superconducting transition of t
Y-123 crystal is determined inductively to60.3 K using a
balanced primary/secondary coil system connected to a P
124 A lock-in amplifier by slowly varying the temperatu
~0.3–0.5 K/min! through the transition. The ac susceptibili
studies were carried out in 2–5 Oe~rms! magnetic fields at
1000 Hz.

The He-gas pressure system~Harwood! used is capable o
generating hydrostatic pressures to 1.4 GPa. The CuBe p
sure cell~Unipress! is inserted into a two-stage closed-cyc

TABLE I. Heat treatment given single crystalline YBa2Cu3Ox

samples with oxygen stoichiometryx. Tc values at ambient pressur
are also listed.

Sample x Tc ~K! Heat treatment

A 6.41 13.5
309 h @ 520 °C
in 0.113% O2 /N2

B 6.41 17.1
234 h @ 520 °C
in 0.100% O2/N2

C 6.45 34.4
475 h @ 520 °C
in 0.191% O2 /N2

D 6.66 64.2
282 h @ 520 °C

in 4% O2 /N2

E 6.95 92.5
5 days @ 480 °C plus
7 days @ 420 °C in O2
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refrigerator ~Leybold! which operates in the temperatu
range 2–320 K. The pressure in the cell is measured b
calibrated manganin gauge and can be changed at any
perature above the melting curve of the He press
medium.10 The superconducting transition of the Y-12
sample~typical size 13130.15 mm3) in the high pressure
environment is measured to60.05 K accuracy by the ac
susceptibility technique using a miniature primary/second
coil system located inside the 7 mm I.D. bore of the press
cell. In the present studies a magnetic field of 1.1 Oe~rms! at
507 Hz is applied along the short dimension of the sam
(Hic axis!. Further details of the experimental setups for t
diamond-anvil cell and He-gas systems are giv
elsewhere.12

III. RESULTS OF EXPERIMENT AND DISCUSSION

A. Intrinsic dependence ofTc on pressure

The data in Fig. 1 on YBa2Cu3O6.41 ~sample B! serve to
illustrate the dramatic effect that relaxation phenomena
have onTc(P): the pressure dependence of the transit
temperature is seen to depend strongly on thetemperatureat
which the pressure is changed. The initial slopedTc /dP
determined in a separate He-gas experiment to 0.8 GP
high accuracy~straight lines in Fig. 1! increases almost ten
fold if the pressure is changed at ambient, rather than l
temperature. In the DAC data to 13 GPa,Tc increases mono-
tonically from 17 to 45 K if the pressure is applied at RT, b
passes through a maximum near 23 K at 4 GPa if the sam
is maintained at temperature below 200 K throughout
entire experiment.

In the latter LT experimentTc(P) changes reversibly with
pressure. However, as we discuss in more detail in the n
subsection, relaxation effects lead to irreversibilities
Tc(P) if the pressure is changed at RT. In general,Tc(P)
will depend on the entire pressure, temperature, and t
history of the sample. We thus write the measured transi
temperature as the sum of two terms

Tc~x,P,T,t !5Tc
intrin~x,P!1DTc

relax~x,P,T,t ! ~1!

FIG. 1. Dependence ofTc on hydrostatic pressure in DAC fo
YBa2Cu3O6.41 ~sample B! for increasing~d, m! or decreasing~s,
n! pressure at 298 K or temperatures below 200 K. Straight s
lines give slope of corresponding He-gas data to 0.8 GPa. Da
lines are guides to the eye.
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PRB 61 743PRESSURE DEPENDENCE OFTc TO 17 GPa WITH . . .
a reversible ‘‘intrinsic’’ pressure dependence obtained
holding the sample at a sufficiently low temperature dur
the entire experiment, plus a temperature- and tim
dependent correction term to take into account the effect
relaxation. The intrinsic dependenceTc

intrin(P) most directly
reflects the dependence ofTc on pressure-induced changes
the basic solid state properties, including the pairing inter
tion itself, and thus should be of most value in comparis
with theory.

In Fig. 2 we plotTc(P) to 17 GPa for sample B from Fig
1 and for four further YBa2Cu3Ox crystals with varying oxy-
gen contentx covering the entire underdoped to optima
doped range; throughout these experiments the samples
maintained at temperatures below 200 K. The straight li
give the initial slopes from the corresponding He-gas stud

FIG. 2. Dependence ofTc on hydrostatic pressure in DAC fo
YBa2Cu3Ox with increasing oxygen contentx ~samples A–E! for
increasing~closed symbols! or decreasing~open symbols! pressure
at temperatures below 200 K. Data for sample A from Ref.
Straight solid lines give slopes from He-gas studies to 0.8 GP
low temperatures~see Table II!. Dashed lines are guides to the ey
y
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-
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to 0.8 GPa and are seen to match up well with the DAC da
these slopes are listed under (dTc /dP)LT in Table II. As
outlined below, in the He-gas data no evidence for relaxat
effects inTc was found in the temperature range betweenTc

and 200 K ~the measurement ofTc involves passing the
sample through temperatures nearTc over a one hour period
so that the time-dependence of relaxation processes activ
at temperatures belowTc cannot be studied!. Unless there
are, in fact, such very low temperature relaxation effects
low Tc , the pressure dependencesTc(P) in Fig. 2 and
(dTc /dP)LT in Table II do indeed represent the intrins
dependence ofTc on pressure for the YBa2Cu3Ox system.

The initial slope (dTc /dP)LT in Fig. 2 and Table II is
seen to increase gradually with oxygen content A→B→C,
reaching a particularly large value~17.1 K/GPa! for sample
D and then decreasing sharply to10.24 K/GPa for the nearly
optimally doped sample E. This dependence of the ini
slope on oxygen contentx agrees well with the results o
earlier He-gas experiments by Fietzet al.2 which were car-
ried out at temperatures below 90 K. In these latter d
(dTc /dP)LT versusx peaks sharply atx56.66. This peak is
presumably related to the transition from the ortho-I
ortho-II phase,13 and higher order superstructures,14 in this
compound near this value ofx. It is interesting to note tha
similar results are found for superconducting PrBa2Cu3Ox ,
giving evidence that the origin of superconductivity in bo
systems is the same.15

For the data in Figs. 1 and 2 it is seen that thepressure
whereTc(P) passes through its maximum appears to be
rectly correlated with themagnitudeof the initial slope
(dTc /dP)LT : if one increases, so does the other. This ho
even though the initial slope in Fig. 2 changes in a marke
nonmonotonic fashion with oxygen contentx. We now at-
tempt to account for this and other features of theTc(P) data
in Fig. 2.

In high-Tc superconductors the dependence ofTc on the
carrier concentrationn is believed to follow an approximate
inverted parabolic dependence,16

Tc~n!.Tc
max@12A~n2nopt!

2#, ~2!

.
at
ng
;
e
R

TABLE II. The initial pressure derivatives ofTc and the results of the relaxation studies on YBa2Cu3Ox

for samples B–E in the present studies and sample A from Ref. 1. Values of (dTc /dP)RT for samples A–C
are for full relaxationTc(t→`) following change of pressure.Tc for sample D was measured after anneali
for only 2 h after applying 0.79 GPa at 298 K. Results usingTc as monitor are given in the first five rows
results from resistivity studiesr are given in the last two rows. Values ofEA at ambient pressure ar
estimated from fits to relaxation data usinga50.6. NM means ‘‘not measured’’ using indicated monitor; N
means ‘‘no relaxation’’ detected. The activation volume is calculated using Eq. 8.

Sample Tc ~K!
(dTc /dP)RT

~K/GPa!
(dTc /dP)LT

~K/GPa! EA ~eV!
dEA /dP
~eV/GPa!

DVA
(cm3/mol!

A Tc 13.5 120.1~1! 12.0~1! 0.973~2! 10.044~2! 14.2~2!

B Tc 17.1 120~5! 12.1~2! 0.977~1! 10.029~3! 12.8~3!

C Tc 34.4 113~3! 12.3~1! 0.967~1! 10.037~4! 13.6~4!

D Tc 64.2 19.3~2! 17.1~2! NM NM NM
E Tc 92.5 10.24~6! 10.24~6! NR NR NR
C r NM NM NM 0.971~2! 10.024~6! 12.4~6!

D r NM NM NM 0.936~0! 10.056~0! 15.4~0!
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whereTc
max, A, n, andnopt all may be functions of pressure

In YBa2Cu3Ox the carrier concentrationn can be varied by
changing the oxygen concentrationx, by cation substitution,
or by applying pressure. Hall effect studies on a variety
HTSC systems,17 including Y-123, reveal that under pressu
hole charge is transferred into the CuO2 planes at a typica
rate d ln n/dP'110%/GPa. In the ‘‘simple charge-transfe
model,’’ 1 the dependence ofTc on pressure arises sole
from the increase inn in Eq. ~2!, all other parameters remain
ing constant. This simple model leads to the following e
pectations:~1! Tc(P) should follow an inverted paraboli
dependence, initially increasing with pressure for an und
doped sample, passing through a maximum and then
creasing to zero.~2! For underdoped samples, the higher t
oxygen content, the lower the initial slope (dTc /dP)LT and
the smaller the pressure needed to reach the maximum v
of Tc(P). ~3! The maximum value ofTc(P) should be inde-
pendent of the initial oxygen content.~4! For optimally
doped samples, wheren5nopt, the initial slope (dTc /dP)LT
should be zero; for overdoped samples,Tc(P) should de-
crease monotonically to zero under pressure. All these
pectations from the simple charge-transfer model are inc
sistent with the data in Fig. 2. In particular, for Y-123 an
many other optimally doped HTSC, the initial slope is n
zero, but positive, (dTc /dP)LT'11 to 12 K/GPa.18

Neumeier and Zimmermann19 have carried out a succes
ful analysis of high-pressure data on a series of cation s
stituted Y-123 compounds in terms of amodifiedcharge-
transfer model based on Eq.~2! which breaks the tota
pressure derivative ofTc up into two parts:

S dTc

dP D5S ]Tc

]n D S ]n

]PD1S dTc

dP D
noCT

. ~3!

The first term on the right side of this equation takes in
account the effect onTc of the normal transfer of hole charg
into the CuO2 plane~s! with increasing pressure1,20 ~i.e.,
]n/]P.0) whereas the second term gives the ‘‘no cha
transfer’’ contribution to the pressure dependence ofTc

which arises from changes inTc
max, A, andnopt under pres-

sure@see Eq.~2!#. An explicit relation between the pressu
derivative of these parameters and (dTc /dP)noCT can be ob-
tained by taking the total pressure derivative of Eq.~2! and
setting it equal to Eq.~3!. From an analysis of their data o
the nearly optimally doped Y-123 compounds, Neu
meier and Zimmermann19 were able to fit theirTc(P)
data if (dTc /dP)noCT'11 K/GPa and ]n/]P'
10.011 holes/GPa; the value of]Tc /]n in Eq. ~3! is taken
from Ref. 16. This model is able to account for the univer
positive pressure derivativedTc /dP for optimally doped
samples, but it is not able to give quantitative agreement w
‘‘intrinsic’’ Tc(P) data over a wide doping range, as seen
a recent study on Hg-1201.21 The addition of a constan
(dTc /dP)noCT term in Eq.~3!, together with Eq.~2!, leads to
the expectation that for strongly underdoped superconduc
Tc should reach a value well above that for optimal dop
~93 K!, contrary to experiment. This model also leads to
same conclusions~1! and~2! as above in the simple charge
transfer model, contrary to the present experiments.

The inability of the modified charge-transfer model to a
count for the present results on Y-123 may arise in part fr
f
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a dependence of the contribution (dTc /dP)noCT on oxygen
content, but is certainly also due to the fact that the measu
dependence ofTc on x does not follow an inverse paraboli
dependence, as one would expect from Eq.~2! if n were
proportional tox, but rather exhibits a marked plateau ne
x56.6 which arises from the well known ortho-I to ortho-
transition in the oxygen sublattice.13 The concentration of
hole charge carriersn in the CuO2 plane~s! depends not only
on the concentration of oxygen defects, but also on how t
arrange themselves within the basal plane. In this syst
therefore, one should not be surprised ifn is a markedly
nonlinear function ofx.

It is a puzzling result indeed that (dTc /dP)LT versusx
shows a peak atx.6.66 ~Ref. 2! since at low temperature
the lack of relaxation phenomena appears to imply that
distribution of oxygen defects does not change with press
Apparently the rate of pressure-induced charge flow into
CuO2 planes is a sensitive function of the distribution
oxygen defects, even if they are frozen in place at LT and
not move around as pressure is applied. There is also
possibility that for samples with oxygen content nearx
.6.7, whereTc'65 K, changing the pressure activates fa
relaxation processes which cannot be detected in the pre
experiments because they occur on a too rapid time scale
temperatures nearTc.65 K. LT relaxation was indeed ob
served for Tl-2201 at temperatures as low as 15 K. Previ
studies on a strongly underdoped Y-123 crystal withTc(0)
.17 K, however, failed to reveal any sign of LT relaxatio
This does not prove that the 65 K sample is devoid of
relaxation since it contains almost twice as many oxyg
defects which might open new avenues for defect relaxat
The issue of fast relaxation in Y-123 will be further di
cussed in the next section. We thus see that even the intr
Tc(P) data for Y-123 free of relaxation effects are qui
complex. At the present time we are unable to offer a qu
titative analysis of these data.

B. Relaxation effects inTc

We now discuss in detail the relaxation data for samp
B–E in comparison to our published data for sample A.3 The
relaxation measurements on samples B and C were par
larly extensive; typical results are shown in Figs. 3, 4, an
and listed in Table II.

We first consider the results for sample B whe
Tc (1bar).17.1 K ~point 1 in Fig. 3!. Following the appli-
cation and retention of 0.65 GPa pressure at 298 K for 1
the sample was cooled in 2 h to LT andTc measured~point
2!.22 The sample was then warmed back up to 298 K a
annealed at that temperature for varying lengths of time u
176 h total, as seen in Figs. 3 and 4~a! ~points 3–9!. The
pressure was then reduced to 0.41 GPa at 62 K~point 10!
and then to 0.26 GPa~point 11!, and the relaxation inTc(t)
determined for consecutively longer annealing times at 2
K to 79 h total@points 11–18 in Figs. 3 and 4~b!#. Finally,
the pressure was released to 0.13 GPa at 45 K~point 19! and
then to 1 bar andTc(t) determined for annealing at 303 K
@points 20–25 in Figs. 3 and 4~c!#; as discussed below, in
cluding the higher annealing temperature allows an estim
of t0 in the Arrhenius law.Tc for point 25 is seen to almos
fully relax back to its initial value at ambient pressure.
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For sample B the average pressure derivative ofTc for
pressure changes at low temperatures is (dTc /dP)LT.
12.1 K/GPa, as listed in Table II. On the other hand,
pressure changes at RT a much larger value (dTc /dP)RT.
119.5 K/GPa is obtained if the sample is annealed at 29
for sufficient time~.150 h! to allow full relaxation~slope
between points 1 and 9 in Fig. 3!. The LT and RT derivatives
are given in Table II for all samples. If we define the to
measured pressure derivative at RT to be the sum of intri
and relaxation~oxygen-ordering! contributions

S dTc

dP D
RT

[S dTc

dP D
intrin

1S dTc

dP D
relax

, ~4!

FIG. 3. Dependence ofTc on hydrostatic pressure in the He-g
system for YBa2Cu3O6.41 ~sample B! illustrating relaxation behav-
ior. Numbers give order of measurement. Solid lines are guide
the eye.

FIG. 4. Relaxation behavior ofTc versus annealing time in th
He-gas system for YBa2Cu3O6.41 ~sample B! under the conditions:
annealing at 298 K following the~a! application of 0.65 GPa and
the ~b! reduction to 0.30 GPa; annealing at 303 K following pre
sure release to 1 bar. Numbers give order of measurements, m
ing those in Fig. 3. Meaning of asterisked data point is discusse
Ref. 3. Solid lines give results of fits using Eq.~5! settinga50.6.
r

K

l
ic

then, assuming that (dTc /dP) intrin.(dTc /dP)LT , we see
that for sample B the relaxation contribution (dTc /dP)relax
.117.4 K/GPa dominates~83! over the intrinsic contribu-
tion. Four further sets of relaxation data were taken at v
ous temperatures and pressures on sample B to allow a m
complete analysis.23

Sample C was mounted in the pressure cell together w
sample B, so relaxation data were obtained under ident
conditions, as seen in Fig. 5. From the release of pressu
LT the intrinsic pressure derivative is determined to
(dTc /dP)LT.12.25 K/GPa, whereas the RT derivative
(dTc /dP)RT.112.6 K/GPa, yielding from Eq.~4! the re-
laxation derivative (dTc /dP)relax.110.3 K/GPa, almost
five times the value of the intrinsic derivative.

The effect of relaxation processes on the measured p
sure dependenceTc(P) is illustrated in Fig. 6 for
YBa2Cu3O6.66 ~sample D! whereTc(1bar).64.2 K. Apply-
ing and holding 0.79 GPa pressure at RT for 2 h results
strong increase inTc with slope (dTc /dP)RT.19.28
60.15 K/GPa.24 If the pressure is released at LT~;60 K!,
Tc is seen to decrease with a lesser slope (dTc /dP)LT.
17.1460.20 K/GPa, taking on a value~point 4! at ambient
pressure;1.5 K higher than its initial value~point 1!. An-
nealing sample D then for 1 h at 100 K~point 5! and then
200 K ~point 6! causes no relaxation inTc . Only if the
sample is annealed for 1 h at 298 KdoesTc relax back fully
~point 7! to its initial value~point 1!. As seen in Table II, the
relaxation effects for sample D are much smaller than
samples A, B, or C.

Sample E does not show any relaxation behavior inTc ;
we find the pressure derivatives (dTc /dP)RT5(dTc /dP)LT
.10.24 K/GPa. The absence of relaxation inTc presumably
arises from two effects:~1! The oxygen contentx.6.92 is
near the stoichiometric valuex.7.0 so there are only few

to

-
ch-
in

FIG. 5. Relaxation behavior ofTc versus annealing time in the
He-gas system for YBa2Cu3O6.45 ~sample C! under the conditions:
annealing at 298 K following the~a! application of 0.65 GPa and
the ~b! reduction to 0.30 GPa; annealing at 303 K following relea
to 1 bar. Numbers give order of measurements. Meaning of as
isked data point is discussed in Ref. 3. Solid lines give results of
using Eq.~5! settinga50.6.
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oxygen vacancies in the chain sites to order.~2! Oxygen
ordering is believed to changeTc solely through the charge
transferDn it causes;25 any residual oxygen ordering effec
which might occur should cause negligible change inTc
since for an optimally doped sample]Tc /]n50 in Eq. ~3!.
We note that the values for the LT and RT pressure der
tives of Tc for samples A–E listed in Table II are in reaso
ably good agreement with the extensive He-gas data of F
et al.2 on the Y-123 system.

We now attempt to fit the above time-dependent rel
ation data Tc(t) for samples A–C using the stretche
exponent expression26

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

t D aJ , ~5!

wheret is the temperature-dependent relaxation time wh
is related to the activation energy barrierEA by the Arrhen-
ius law

t~T,P!5t0 expH EA~T,P!

kBT J , ~6!

andt0 is the attempt period. The results of the best fits us
Eq. ~5! for samples B and C are given by the solid lin
through the data in Figs. 4 and 5, yielding the values of
relaxation time t given in the figures. In these fits th
stretched exponent was fixed at the valuea50.6; this value
60.08 was found to give the best fit both in the pres
~samples B and C! and earlier studies~sample A!.3

In Fig. 7 we plot the values oft at ambient and 0.65 GP
pressures versus the inverse temperature. We see that, w
experimental error, the value of the attempt periodt0
'1.4310212 s obtained from temperature-quench expe
ments on Y-123~Ref. 27! fits both the ambient and hig
pressure data~solid lines!; an accurate determination o
dt0 /dP would require more exhaustive data over a mu
wider temperature range. However, one can argue on gen
grounds that the pressure dependence oft0 should be
small.28

FIG. 6. Dependence ofTc on hydrostatic pressure in the He-g
system for YBa2Cu3O6.66 ~sample D!. Pressure is applied at 298 K
but released at 60 K. Numbers give order of measurement. Stra
lines are fits to data using values for the derivativedTc /dP given in
the figure and Table II.
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C. Relaxation effects in the electrical resistivity

Since charge transfer to or from the conducting Cu2

plane~s! is responsible for the relaxation behavior inTc ,25

the normal-state electrical resistivityr(t) should also
change. Using the electrical resistivity rather thanTc to
monitor the degree of relaxation has a number of advanta
~1! the entire experiment can be carried out at a cons
temperature,~2! the relaxation can be measured immediat
following pressure changes, and~3! many more data points
can be readily obtained.

Sample C was first held at a constant temperature of
K for 40 h to allow the oxygen defect distribution to reac
equilibrium at this temperature. Then 0.70 GPa pressure
applied over a 10 min period, resulting in a resistivity dr
by 0.8 mV cm from 14.1 to 13.3 mV cm at 298 K; the time-
dependent resistivity at this temperature was then meas
for a total of 120 h, as seen in Fig. 8~a!. For clarity, only 2%
of all measured data points are shown. Over the 120 h
riod, the resistivity decreased by approximately 2 mV cm.
After the relaxation under 0.70 GPa pressure was alm
complete, the pressure was reduced to 0.34 GPa, mainta
the temperature at 298 K. This decrease in pressure res
in an instantaneous resistivity increase of 0.30 mV cm. The
relaxationr(t) was then measured as a function of time f
95 h at 298 K, as seen in Fig. 8~b!, resulting in a further
resistivity increase of 0.65 mV cm. The pressure was the
fully released at 298 K, causing the resistivity to increa
instantly by 0.35 mV cm, and the time-dependent relaxatio
measured for 170 h, wherebyr(t) increased by a furthe
1.45 mV cm. The final valuer(298 K).14.1 mV cm agrees
exactly with the initial value, confirming the reversibility o
the observed relaxation effects. A second experiment
carried out on sample C where 0.35 GPa pressure was
plied from ambient and the relaxation in the resistivityr(t)
determined. The relaxation inr(t) was also studied for
sample D at 298 K at pressures 0.70 GPa and 1 bar.
experimental results are analyzed below and the parame
obtained listed in Tables II and III.

ht

FIG. 7. Dependence of relaxation timet on inverse temperature
for YBa2Cu3Ox ~samples B and C! for both ambient and 0.65
GPa pressure. Solid line is fit to data with Eq.~6! using t0

.1.4310212 s ~Ref. 27!; the dashed line is least-squares fit.
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The time dependences of the relaxation measurement
ing the normal state resistivity are seen to be similar to th
observed in the measurements ofTc(t) described above. We
analyze the time-dependent resistivity datar(t) at 298 K
using a stretched exponent expression analogous to that
for Tc(t) in Eq. ~5!, namely,

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

t D aJ , ~7!

where r~`! and r(0) are the resistivities of the sample
infinite time and before any relaxation takes place, resp
tively. The fit to the resistivity data should give much mo
accurate results since several thousand data points wer

FIG. 8. Relaxation behavior of the electrical resistivityr at 298
K versus timet for YBa2Cu3O6.45 ~sample C! in the He-gas system
following ~a! application of 0.70 GPa,~b! reduction of pressure to
0.34 GPa,~c! release of pressure to 1 bar. For clarity, only 2% of
data points are shown. Solid lines are fits to data using Eq.~7! with
parameters given in the figure and Table III.

TABLE III. Parameters obtained from fits using Eq.~7! to re-
sistivity data on YBa2Cu3Ox ~samples C and D!. See text for details.

Sample P ~GPa!
r~`!

mVcm
r~0!

mVcm t(h) a EA ~eV!

C 0.70
11.17 13.44 20.99~1! 0.51 0.990
11.28 13.29 20.77~3! 0.60 0.989

C 0.34
12.36 11.71 12.34~1! 0.62 0.976
12.37 11.70 12.28~1! 0.60 0.976

C 0
14.16 12.71 12.03~1! 0.67 0.975
14.17 12.47 9.96~2! 0.60 0.971

C 0.35
12.13 13.77 16.20~1! 0.54 0.983
12.17 13.66 17.21~1! 0.60 0.985

C 0
14.09 12.56 12.21~0! 0.65 0.976
14.10 12.42 11.03~1! 0.60 0.973

D 0.70 1.854 1.939 11.79~7! 0.60 0.975
D 0 2.122 2.042 2.59~2! 0.60 0.936
us-
e

sed

c-

ob-

tained during each run. The results of the fits to the resis
ity relaxation data using Eq.~7! are listed in Table III for
samples C and D, including the values of the activation
ergy EA calculated fromt using Eq.~6!. As before with the
Tc(t) relaxation data, we fix the value of the stretched exp
nent ata50.6. For sample C the quality of ther(t) data
allows us to usea as a fit parameter; the values ofa giving
the best fits are listed in Table III and Fig. 8 along with oth
fit parameters. The quality of the fits using both values oa
is indistinguishable on the scale of the graph in Fig. 8. T
pressure dependence of the activation energydEA /dP listed
in Table II is, within experimental error, independent of t
value ofa used.

The pressure dependence of the activation energyEA(P)
obtained from the fits is plotted in Fig. 9 for samples A–
using bothTc(t) andr(t) to probe the degree of relaxation
In our previous study on sampleA3, EA was found to in-
crease linearly with pressure to 2.3 GPa. A linear lea
squares fit to the data in Fig. 9 results in the values of
slopedEA /dP given in Table II.29

The pressure dependence of relaxation effects is usu
analyzed in terms of the activation volumeDVA which can
be calculated from the pressure dependence of the activa
energy30

DVA5DVf1DVm5NAS dEA

dP D , ~8!

whereNA is Avogadro’s number andDVf andDVm are the
formation and migration volumes per mol, respectively. T
activation volumes calculated from Eq.~8! are given in
Table II. We compare these activation volumes with the m
lar volume of the diffusing speciesVO22.5.78 cm3/mol.31

Since here the relaxation behavior is believed to ar
from oxygen defects in the basal plane which were int

l

FIG. 9. Dependence of the activation energyEA on pressure for
YBa2Cu3Ox samples A–D using bothTc andr as relaxation moni-
tors. Dashed lines are linear least-squares fits to data yielding va
of slopedEA /dP given in the figure and Table II.
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duced during the synthesis, and thus need not be for
through the application of pressure, the formation volu
should be zero. The measured activation volume should
correspond solely to the migration volume. Unfortunately,
our knowledge there are no theoretical estimates of the
gration volume for the high-Tc oxides. We have recently
applied a simple, hard-sphere approach to estimateDVm
where we assume that the diffusing oxygen defect in
basal plane first moves from the O~1! site of one chain frag-
ment to the adjacent O~5! site and then back to a paralle
chain site.23,32 The results of the hard-sphere model are t
DVm'11.9 cm3/mol for samples A, B, and C, wherea
DVm'12.0 cm3/mol for sample D. These values are a
proximately half as large as the experimental results for
activation volume in Table II. In simplebcc and fcc crystals
the hard-sphere model generally overestimates the ex
mental values by a factor of 2 or 3.33 Since the superconduc
I.
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ing oxides in consideration here are not closely packed,
fairly open structures, it is reasonable to expect that estim
from the hard-sphere model would be lower than the exp
mental values.34 In the hard-sphere model, all non-neare
neighbor interactions are neglected; in ionic compoun
such as the high-Tc superconductors, long-range Coulom
interactions are important and will certainly make an imp
tant contribution to the migration volume.
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