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Hydrostatic high-pressure studies to 17 GPa were carried out on superconductis@@uy®aover the full
range of oxygen contemt The observed bell-shap8d(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
T. 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.

I. INTRODUCTION linearly with pressure at a rate which may depend strongly
on the temperature at which the pressure is chahdéd.

For a given superconductor the dependencE.afn pres-  strongly underdoped Y-123, for example, Fietzal> have
sure is of considerable interest since it contains informatiorghown that the derivativelT./dP increases tenfold if the
about the mechanis(s) responsible for the superconducting Pressure is changed at room temperat&®) rather than at
state itself. As does the isotope effect, the universal decread@W temperaturesL.T) below 90 K. Since for this system the
of T, with pressure in simple-metal superconducit@s, Al, relaxation processes appear to only become activated for

In, etc) points to the importance of electron-phonon €Mperatures above 240°%the LT derivative (IT./dP).r

coupling? In transition metal superconductors the interpreta-Should reflect the initial pressure dependencd of devoid

tion of the T (P) data is more difficult since changes in both ©f @ny relaxation effects. For the most underdoped Y-123

the lattice vibrational and electronic properties make signifi-Samples X~6.4), Fietzetal. find (dT;/dP) r~2 K/GPa,

N .y increasing with oxygen contertto a maximum value of-7
cgnt c_:ontpbunon;. In higft- superconductqr$HTSC) the K/GPa forx~6.7, before falling toward zero for nearly op-
situation is considerably more complex sin€g depends

i : . ._timally doped sample%.It would be of interest to extend
sensitively on properties such as the carrier concentratio

N Nhese previous measurements to 1 GPa to much higher pres-
the degree of buckling in the Cy(lands), the occurrence o5 in order to obtain the intrinsic pressure dependence

of. structural phase transitions, and pressure-induced relaﬁ-c(P), free from relaxation effects. With the exception of
ation phenomena. ”s . ourwork on asingle Y-123 sampleall previousvery high

In YBa;,CusOy (Y-123),7° TI,BaCuQs., (T1-2201), pressure studies on HTSC(Refs. 1 and 9have been car-
and other highF . superconductofghe initial dependence of ried out by changing the pressure at RT, so that the measured
T. on pressure often depends markedly on the pressurer (P) dependences may contain important contributions
temperature history of the sample. The relaxation phenomfrom relaxation effects.
ena responsible for this behavior are believed to originate |n this paper we present the hydrostatic high-pressure
from p(essure-induced ordering of mobile oxygen defecjcs instudies to 17 GPa on YB&u;O, over the full range of oxy-
the lattice; the value of ; appears to be a sensitive function gen contenk where the temperature is maintained below 200
of both theconcentrationand thearrangemenbf these de- K to suppress relaxation effec,(P) follows a bell-shaped
fects. It is important to gain an understanding of these comcurve; both the initial slopedT./dP and the pressure
plex structural phenomena before comparing experimentqb(-r?aX) where T(P) passes through a maximum take on
data with the predictions of theoretical models which generineir maximum values near~6.7. From the measurement
ally assume an idealized lattice. Varying pressure or teMpf the pressure-dependent relaxation processes the activation
perature affects both the mobility and the degree of orderingojume for oxygen diffusion is found to be somewhat less
of oxygen defects in opposite ways: increasing pressurghan the molar volume of the?0 ion and agrees within a

(temperaturgdiminishes(enhancesthe mobility of oxygen  t4cior of 2 with estimates from a simple hard-sphere diffu-
but increasegreducesthe degree of oxygen orderifidCom- sion model.

bined pressure/temperature experiments thus allow one to
obtain information on relaxation phenomena in HTSC which
could otherwise not be obt_alned. _ _ Il EXPERIMENT
Almost all previous studies of pressure-induced relaxation
behavior in oxide superconductors have been restricted to the The samples studied in the present experiments are single
pressure range below 1 GPa whérg normally increases crystals of YBaCuO, which have been broken off from the
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TABLE I. Heat treatment given single crystalline YEa,0, T T T
samples with oxygen stoichiometry T, values at ambient pressure YBa,Cu;06y L s
are also listed. qof swpleB Lok |
..... A
""" A
Sample X T, (K) Heat treatment o 2 " Pchanged at 298 K
309 h @ 520°C e
A 6.41 13.5 in 0.113% Q/N, ‘ ,&--Q--Q__._.‘Pchangedat<200K
234 h @ 520°C 201 8, ]
B 6.41 17.1 in 0.100% Q/N, .
L ]
475 h @ 520°C
c 6.45 34.4 in 0.191% Q/N,
282 h @ 520°C 0— : )
D 6.66 64.2 in 4% O,/N, 0 5 p(Gpa) 10 15
E 6.95 925 5 days @ 480 °C plus FIG. 1. Dependence Gf, on hydrostatic pressure in DAC for

7 days @ 420°Cin © YBa,Cuy0q 4, (Sample B for increasing(®, A) or decreasingO,
A) pressure at 298 K or temperatures below 200 K. Straight solid
lines give slope of corresponding He-gas data to 0.8 GPa. Dashed
mother crystal. The crystals are grown in gold crucibles usiines are guides to the eye.
ing the conventional “self-flux” procedure from a mixture
containing Y:Ba:Cu in the ratios 5:27:68 using cooling ratesrefrigerator (Leybold which operates in the temperature
varying from 0.3 to 1 °C/h. The oxygen stoichiometries wererange 2—320 K. The pressure in the cell is measured by a
subsequently adjusted by heating the crystals either in flowealibrated manganin gauge and can be changed at any tem-
ing O, or in a gas mixture of @and N, as specified in Table perature above the melting curve of the He pressure
|. During the heat treatment, the oxygen pressure was commedium!® The superconducting transition of the Y-123
tinuously monitored using a zirconia-cell oxygen pressuresample(typical size 1X 1x0.15mn?) in the high pressure
monitor manufactured by Ametek, Inc. After the equilibra- environment is measured t60.05 K accuracy by the ac
tion, the samples were quenched into liquid nitrogen to fixsusceptibility technique using a miniature primary/secondary
the stoichiometry. To obtain an equilibrium oxygen vacancycoil system located inside the 7 mm 1.D. bore of the pressure
ordered condition at RT, the samples were aged at 295 K fogell. In the present studies a magnetic field of 1.1(Des) at
over two months before measurements were performed. Stos07 Hz is applied along the short dimension of the sample
chiometries were estimated using the calibration of stoichi{HI||c axis). Further details of the experimental setups for the
ometry vs PQ (at 520 °Q reported in Ref. 11. diamond-anvil cell and He-gas systems are given
The diamond-anvil ce(DAC), which is suitable for stud- elsewheré?
ies to very high pressures, is made of hardened copper-
beryllium alloy fitted with 1/6-carat 16-sided diamond anvils
having 0.5 mm culet diameter. Gaskets ofti@s wt. % Mo
alloy with diameter 2.2 mm and thickness near 30@ are A. Intrinsic dependence of T on pressure
preindented to~80 um. The Y-123 crystal(typical size
0.1x 0.1X0.05 mn?) together with a small ruby chip are
placed in a 24Qum diam hole drilled through the center of

the gasket. The pressure clamp is placed in a continuous ﬂo%mperature is seen to depend strongly ort eratureat
cryostat and superfluitHe is loaded into the gasket hole at Wpich the pressure is changed. The initial sllap'éc/dP

2Kto SErve as pressure medium. The pressure in the gagk& termined in a separate He-gas experiment to 0.8 GPa to
hole can be increased at any temperature at or below ambleﬂ? '

by loading a membrane with a few bars of He gas to forc igh accuracystraight lines in Fig. Lincreases almost ten-
y joading . e g Sold if the pressure is changed at ambient, rather than low,
the diamond-anvils together. The pressure in the cell can bg

IlI. RESULTS OF EXPERIMENT AND DISCUSSION

The data in Fig. 1 on YB&Z w04 41 (Sample B serve to
illustrate the dramatic effect that relaxation phenomena can
have onT.(P): the pressure dependence of the transition

: . emperature. In the DAC data to 13 GHg,increases mono-
determined at any temperature below RT by measuring thg . . ¢ .
pressure-induced shift in the R1 fluorescence line of ruby. Aonlcally from 17 to 45 .K if the pressure is applleo! atRT, but

. . . . . passes through a maximum near 23 K at 4 GPa if the sample
second ruby chip at ambient pressure is located just outsid¥ s
. ; IS maintained at temperature below 200 K throughout the
the pressure cell, allowing the correction for the temperature___. .

. . . - entire experiment.

shift of the ruby line. The superconducting transition of the In the latter LT experimerif(P) changes reversibly with
Y-123 crystal is determined inductively t0.3 K using a ressure. However F;s we di;cuss in n?ore detail inythe next
balanced primary/secondary coil system connected to a PAgubsectitﬂn reIaxaiion effects lead to irreversibilities in
124 A lock-in amplifier by slowly varying the temperature '

(0.3-0.5 K/min through the transition. The ac susceptibility Tc(P) if the pressure is changed at RT. In genefigkP)
studies were carried out in 2—-5 @ens) magnetic fields at W.'” depend on the entire pressure, temperature, and _tl_me
1000 Hz history of the sample. We thus write the measured transition

The He-gas pressure systéharwood used is capable of temperature as the sum of two terms
generating hydrostatic pressures to 1.4 GPa. The CuBe pres- ntrin ela
sure cell(Unipress$ is inserted into a two-stage closed-cycle TP, TO=TI"(X,P)+ATS*(x,P,T,H) (D)
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o v ] to 0.8 GPa and are seen to match up well with the DAC data;
YBa,Cu,0,

e these slopes are listed undedT./dP) 1 in Table Il. As
or v D 4 outlined below, in the He-gas data no evidence for relaxation
OO 0 l effects inT, was found in the temperature range betw&gn

v Ty and 200 K(the measurement of . involves passing the

sample through temperatures n&arover a one hour period,
so that the time-dependence of relaxation processes activated
Pressure changed at T<200K | at temperatures belov, cannot be studigd Unless there
are, in fact, such very low temperature relaxation effects be-
sop . acC 7 low T., the pressure dependenc&g(P) in Fig. 2 and
| ] (dT,/dP) 7 in Table Il do indeed represent the intrinsic
/“ dependence of ;. on pressure for the YBEuO, system.
[ 1 The initial slope @T./dP) 1 in Fig. 2 and Table Il is
_ﬁo@o"@ ~~~~~ oo | seen to increase gradually with oxygen contert-B—C,
.- e reaching a particularly large valye-7.1 K/GPa for sample
D and then decreasing sharplyt®.24 K/GPa for the nearly
] S S R optimally doped sample E. This dependence of the initial
slope on oxygen content agrees well with the results of
earlier He-gas experiments by Fietzal? which were car-
FIG. 2. Dependence of, on hydrostatic pressure in DAC for ried out at temperatures below 90 K. In thesg Iatter.data
YBa,Cu;0, with increasing oxygen content (samples A—E for (dTc/dP) y versusx peaks sharply_ fﬂ: 6.66. This peak is
increasing(closed symbolsor decreasingopen symbolspressure presumably reslated t‘? the transition from the prthq-l to
at temperatures below 200 K. Data for sample A from Ref. 3.01tho-Il phase, and higher order _SUperStTUCtU'JéSm this
Straight solid lines give slopes from He-gas studies to 0.8 GPa d&0mpound near this value of It is interesting to note that
low temperature¢see Table ). Dashed lines are guides to the eye. Similar results are found for superconducting PxBa&O,
giving evidence that the origin of superconductivity in both
a reversible “intrinsic” pressure dependence obtained bySystems is the sante. o
holding the sample at a sufficiently low temperature during For the data in Figs. 1 and 2 it is seen that fiiessure
the entire experiment, plus a temperature- and timeWhereT.(P) passes through its maximum appears to be di-
dependent correction term to take into account the effects dectly correlated with themagnitudeof the initial slope
relaxation. The intrinsic dependeng&“™"(P) most directly ~ (dTc/dP).r: if one increases, so does the other. This holds
reflects the dependence Bf on pressure-induced changes in €V€N though the initial slope in Fig. 2 changes in a markedly
the basic solid state properties, including the pairing interacfonmenotonic fashion with oxygen contentWe now at-
tion itself, and thus should be of most value in comparisorf€MPt to account for this and other features of TyeP) data
with theory. in Fig. 2.
In Fig. 2 we plotT(P) to 17 GPa for sample B from Fig. !N high-T¢ superconductors the dependenceTpfon the
1 and for four further YBsCu,0, crystals with varying oxy-  Carmer concentratiom is believed to follow an approximate
gen contentx covering the entire underdoped to optimally Nverted parabolic dependent,
doped range; throughout these experiments the samples were
maintained at temperatures below 200 K. The straight lines
give the initial slopes from the corresponding He-gas studies Te(n)=T* 1-A(N—ney?], 2

T, K)

10 15
P (GPa)

TABLE Il. The initial pressure derivatives df, and the results of the relaxation studies on ¥Ba&O,
for samples B—E in the present studies and sample A from Ref. 1. ValuesTefdP) z for samples A-C
are for full relaxationT .(t— o) following change of pressur&, for sample D was measured after annealing
for only 2 h after applying 0.79 GPa at 298 K. Results usiggas monitor are given in the first five rows;
results from resistivity studiep are given in the last two rows. Values &), at ambient pressure are
estimated from fits to relaxation data usiagr 0.6. NM means “not measured” using indicated monitor; NR
means “no relaxation” detected. The activation volume is calculated using Eqg. 8.

(dT./dP)gy (dT./dP) + dE,/dP AVA
Sample T (K) (KIGP3 (KIGP3 E, (eV) (eVIGPa (cm®/mol)
AT, 13.5 +20.1(1) +2.01) 0.9732) +0.0442) +4.2(2)
BT, 17.1 +20(5) +2.1(2) 0.97711) +0.0293) +2.8(3)
CT. 344 +13(3) +2.3(1) 0.9671) +0.0374) +3.6(4)
DT, 64.2 +9.3(2) +7.102) NM NM NM
ET, 92.5 +0.24(6) +0.24(6) NR NR NR
Cp NM NM NM 0.971(2) +0.02406) +2.4(6)

Dp NM NM NM 0.936(0) +0.0560) +5.4(0)
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whereT¢'™, A, n, andn, all may be functions of pressure. a dependence of the contributiod T,/dP),ct ON 0xygen
In YBa,CuO, the carrier concentration can be varied by content, but is certainly also due to the fact that the measured
changing the oxygen concentratignby cation substitution, dependence of . on x does not follow an inverse parabolic
or by applying pressure. Hall effect studies on a variety ofdependence, as one would expect from E).if n were
HTSC systems/ including Y-123, reveal that under pressure proportional tox, but rather exhibits a marked plateau near
hole charge is transferred into the Cuflanes at a typical x=6.6 which arises from the well known ortho-I to ortho-I|
rated Inn/dP~+10%/GPa. In the “simple charge-transfer transition in the oxygen sublatticé.The concentration of
model,”! the dependence of. on pressure arises solely hole charge carriens in the CuQ plands) depends not only
from the increase in in Eq.(2), all other parameters remain- on the concentration of oxygen defects, but also on how they
ing constant. This simple model leads to the following ex-arrange themselves within the basal plane. In this system,
pectations:(1) T.(P) should follow an inverted parabolic therefore, one should not be surprisednifis a markedly
dependence, initially increasing with pressure for an undernonlinear function ok.
doped sample, passing through a maximum and then de- It is a puzzling result indeed thadT./dP) 1 versusx
creasing to zera2) For underdoped samples, the higher theshows a peak at=6.66 (Ref. 2 since at low temperatures
oxygen content, the lower the initial slopdT./dP) + and the lack of relaxation phenomena appears to imply that the
the smaller the pressure needed to reach the maximum valdistribution of oxygen defects does not change with pressure.
of T¢(P). (3) The maximum value of .(P) should be inde- Apparently the rate of pressure-induced charge flow into the
pendent of the initial oxygen content4) For optimally CuO, planes is a sensitive function of the distribution of
doped samples, where=n,, the initial slope (T./dP) 1 oxygen defects, even if they are frozen in place at LT and do
should be zero; for overdoped sampldsg(P) should de- not move around as pressure is applied. There is also the
crease monotonically to zero under pressure. All these expossibility that for samples with oxygen content near
pectations from the simple charge-transfer model are incon=6.7, whereT .~ 65K, changing the pressure activates fast
sistent with the data in Fig. 2. In particular, for Y-123 and relaxation processes which cannot be detected in the present
many other optimally doped HTSC, the initial slope is notexperiments because they occur on a too rapid time scale for
zero, but positive, {T./dP) 1~ +1 to +2 K/GPa'® temperatures neaf,=65K. LT relaxation was indeed ob-
Neumeier and Zimmermahhhave carried out a success- served for TI-2201 at temperatures as low as 15 K. Previous
ful analysis of high-pressure data on a series of cation sulstudies on a strongly underdoped Y-123 crystal vilitli0)

stituted Y-123 compounds in terms ofraodifiedcharge- =17 K, however, failed to reveal any sign of LT relaxation.
transfer model based on E@2) which breaks the total This does not prove that the 65 K sample is devoid of LT
pressure derivative of ; up into two parts: relaxation since it contains almost twice as many oxygen

defects which might open new avenues for defect relaxation.
dTe| [dTc)(an 4 The issue of fast relaxation in Y-123 will be further dis-
dP/ | on/\oP cussed in the next section. We thus see that even the intrinsic

T.(P) data for Y-123 free of relaxation effects are quite

The first term on the right side of this equation takes intocomplex. At the present time we are unable to offer a quan-
account the effect of; of the normal transfer of hole charge titative analysis of these data.

into the CuQ plands) with increasing pressuté® (i.e.,

an/gP>0) whereas the second term gives the “no charge ) )

transfer” contribution to the pressure dependenceTof B. Relaxation effects inT

which arises from changes ('™, A, andn,, under pres- We now discuss in detail the relaxation data for samples
sure[see Eq(2)]. An explicit relation between the pressure B—E in comparison to our published data for sampl@ e
derivative of these parameters ardil{ /dP).ct can be ob- relaxation measurements on samples B and C were particu-
tained by taking the total pressure derivative of Ef).and larly extensive; typical results are shown in Figs. 3, 4, and 5
setting it equal to Eq(3). From an analysis of their data on and listed in Table II.

dT,

P 3)

) noCT

the nearly optimally dopedY-123 compounds, Neu- We first consider the results for sample B where
meier and Zimmermarii were able to fit theirT(P) T, (1bar=17.1K(point 1 in Fig. 3. Following the appli-
data if (AT./dP)cr~+1K/IGPa and dn/oP~ cation and retention of 0.65 GPa pressure at 298 K for 1 h,

+0.011 holes/GPa; the value 6T./dn in Eq. (3) is taken  the sample was cooled 2 h to LT andT, measuredpoint
from Ref. 16. This model is able to account for the universal?).?? The sample was then warmed back up to 298 K and
positive pressure derivativdT./dP for optimally doped annealed at that temperature for varying lengths of time up to
samples, but it is not able to give quantitative agreement witli76 h total, as seen in Figs. 3 anthy(points 3—-9. The
“intrinsic” T.(P) data over a wide doping range, as seen inpressure was then reduced to 0.41 GPa at 6dnt 10
a recent study on Hg-12G1.The addition of a constant and then to 0.26 GP@oint 11), and the relaxation iff .(t)
(dT./dP)pocrterm in Eq.(3), together with Eq(2), leads to  determined for consecutively longer annealing times at 298
the expectation that for strongly underdoped superconductol§ to 79 h total[points 11-18 in Figs. 3 and(d)]. Finally,
T. should reach a value well above that for optimal dopingthe pressure was released to 0.13 GPa at 4padit 19 and
(93 K), contrary to experiment. This model also leads to thethen to 1 bar and’;(t) determined for annealing at 303 K
same conclusion€l) and(2) as above in the simple charge- [points 20—25 in Figs. 3 and(@]; as discussed below, in-
transfer model, contrary to the present experiments. cluding the higher annealing temperature allows an estimate
The inability of the modified charge-transfer model to ac-of 7, in the Arrhenius lawT, for point 25 is seen to almost
count for the present results on Y-123 may arise in part fronfully relax back to its initial value at ambient pressure.
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T T T T T T T T T
sample C

@)
YBa,Cu304 4 10 9 | sof
11
sample B 3  reduccPat62K 3 g ]
B = 7. S P=065GPa |
25 B = &= T,=208K
O N 6 1
—_ % = 35+ t t t
& [ reduce Pat45 K a 2 1 1
=g N @5 3 .
o I — 3 1 12 P=0.30GPa
= (2199 ~ @4 40F A" T,=208K -
20 5
2003z e T
| o]
24 ¢ 7
L 25
!, A 1 A 1 . 1 T N P=lbar |
he 22 T,=303K
0.0 0.2 P (GPa) 04 0.6 6 B §
[ 25 _
FIG. 3. Dependence df; on hydrostatic pressure in the He-gas 34T © ARLILE
system for YBaCu;Og 41 (sample B illustrating relaxation behav- (') 5'0 1(')0 1;0
ior. Numbers give order of measurement. Solid lines are guides to time (hours)
the eye.

FIG. 5. Relaxation behavior df . versus annealing time in the
For sample B the average pressure derivativel offor He-gas system for YB&u;Og 45 (sample ¢ under the conditions:

pressure changes at low temperatures ds.(dP) = annealing at 298 K following théa) application of 0.65 GPa and
+2.1K/GPa, as listed in Table Il. On the other hand, forthe (b) reduction to 0.30 GPa; annealing at 303 K following release
pressure changes at RT a much larger valli€, (dP) rr= to 1 bar. Numbers give order of measurements. Meaning of aster-

+19.5K/GPa is obtained if the sample is annealed at 298 usked data point is discussed in Ref. 3. Solid lines give results of fits
for sufficient time(>150 h to allow full relaxation(slope  Using Eq.(5) settinga=0.6.

between points 1 and 9 in Fig).3The LT and RT derivatives then, assuming thatd(T,/dP), i~ (dT,/dP),s, we see

are given in Table |l fo'r al! samples. If we define th? to.tal.that for sample B the relaxation contributiod . /d P) eax
measured pressure derivative at RT to be the sum of intrinsic : AR :

! . oy =+17.4 K/GPa dominate&X) over the intrinsic contribu-
and relaxation(loxygen-ordering contributions

tion. Four further sets of relaxation data were taken at vari-

dT dT daT ous temperatures and pressures on sample B to allow a more
(d_PC E(d_PC) + (d_PC> , (4)  complete analysi&
RT intrin relax Sample C was mounted in the pressure cell together with

sample B, so relaxation data were obtained under identical
conditions, as seen in Fig. 5. From the release of pressure at
l LT the intrinsic pressure derivative is determined to be
] (dT./dP) t=+2.25K/GPa, whereas the RT derivative is
P05 Gpa ] (dT./dP)gr=+12.6 KIGPa, yielding from Eq(4) the re-
T,=298K ] laxation derivative @T./dP) =+ 10.3K/GPa, almost
' ' ; ; 3 five times the value of the intrinsic derivative.
n The effect of relaxation processes on the measured pres-
261\ e sure dependenceT (P) is illustrated in Fig. 6 for
) YBa,Cu;0g g6 (sample D where T (1bar)=64.2 K. Apply-
ing and holding 0.79 GPa pressure at RT for 2 h results in a
strong increase inT. with slope dT./dP)gr=+9.28
i ] +0.15K/GPa2* If the pressure is released at L(F60 K),
Fla 1 T. is seen to decrease with a lesser slogd (dP) 1=
20k Ve T,=303K A +7.14+0.20 K/GPa, taking on a valugoint 4) at ambient
2 ] pressure~1.5 K higher than its initial valué¢point 1). An-
=750 1 nealing sample D then fal h at 100 K(point 5 and then
15 R 200 K (point 6) causes no relaxation ifi;. Only if the
0 50 100 150 sample is annealedifd h at 298 KdoesT . relax back fully
time (hours) (point 7) to its initial value(point 1). As seen in Table II, the
FIG. 4. Relaxation behavior of . versus annealing time in the relaxation effects for sample D are much smaller than for

He-gas system for YB&U,Og 4; (sample B under the conditions: Samples A, B, or C. _ o
annealing at 298 K following théa) application of 0.65 GPa and Sample E does not show any relaxation behaviof in
the (b) reduction to 0.30 GPa; annealing at 303 K following pres-We find the pressure derivativedT./dP)gr=(dT./dP) 1
sure release to 1 bar. Numbers give order of measurements, matcte+ 0.24 K/GPa. The absence of relaxationTinpresumably
ing those in Fig. 3. Meaning of asterisked data point is discussed iarises from two effects(l) The oxygen content=6.92 is
Ref. 3. Solid lines give results of fits using E®&) settinga=0.6.  near the stoichiometric value=7.0 so there are only few

T T
(a) sample B
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T v T T T T T T T (K)
[ YBa,Cu3Og 66 ] 310 300 290
70F  sample D +1.14 K/GPa S ol ' ' ' '
| 1 bar
st 065GPa s
681 - ! /
@
o 20T
H ~—~
66 [ - =
(%
10F p
641 . . . . 81
of
0.0 0.2 P (GPa) 0.6 0.8 -
ot
FIG. 6. Dependence daf, on hydrostatic pressure in the He-gas N L . 1 N L
system for YBaCu;Og 66 (Sample D. Pressure is applied at 298 K 3.2 3.3 3.4 3.5
but released at 60 K. Numbers give order of measurement. Straight 1000/T K1
lines are fits to data using values for the derivatiie /d P given in
the figure and Table II. FIG. 7. Dependence of relaxation timen inverse temperature

for YBa,Cu;O, (samples B and Cfor both ambient and 0.65

oxygen vacancies in the chain sites to ord@. Oxygen GPa prefsllzjre. Solid line is fit to _datg with E@) using To
ordering is believed to changg. solely through the charge ~1-4<10 *"s (Ref. 27; the dashed line is least-squares fit.
transferAn it causes> any residual oxygen ordering effects

which might occur should cause negligible changeTin C. Relaxation effects in the electrical resistivity
since for an optimally doped samp#d ./dn=0 in Eq. (3).

. Since charge transfer to or from the conducting GuO
We note that the valles for t.he LT and RT pressure denvablane(s) is responsible for the relaxation behavior T,
tives of T, for samples A—E listed in Table Il are in reason-

ably good agreement with the extensive He-gas data of Fiettzhhe normal-'state electncg : re5|§t|\(|ty> (t) should also
12 h 5 change. Using the electrical resistivity rather th@p to
etal” on the Y-123 system. . monitor the degree of relaxation has a number of advantages:
We now attempt to fit the above time-dependent relax

. q f | : h hed (1) the entire experiment can be carried out at a constant
ation dataTc(t) for samples A-C using the stretched- o heratyre(2) the relaxation can be measured immediately
exponent expressiéh

following pressure changes, a8 many more data points
can be readily obtained.
t Sample C was first held at a constant temperature of 298
Tc(t):Tc(w)_[Tc("o)_Tc(O)]exF’[ - ;) ] (® K for 40 h to allow the oxygen defect distribution to reach
equilibrium at this temperature. Then 0.70 GPa pressure was

where 7 is the temperature-dependent relaxation time whictPplied over a 10 min period, resulting in a resistivity drop

is related to the activation energy barrx by the Arrhen- Py 0.8 ml2cm from 14.1 to 13.3 © cm at 298 K; the time-
ius law dependent resistivity at this temperature was then measured

for a total of 120 h, as seen in Fig(. For clarity, only 2%
of all measured data points are shown. Over the 120 h pe-
7T,P)=1, exp[ EA(T’P)]’ (6) riod, the resistivi.ty decreased by approximately 2)om.
kgT After the relaxation under 0.70 GPa pressure was almost
complete, the pressure was reduced to 0.34 GPa, maintaining
and g is the attempt period. The results of the best fits usinghe temperature at 298 K. This decrease in pressure resulted
Eq. (5) for samples B and C are given by the solid linesin an instantaneous resistivity increase of 0.3Q am. The
through the data in Figs. 4 and 5, yielding the values of theelaxationp(t) was then measured as a function of time for
relaxation timer given in the figures. In these fits the 95 h at 298 K, as seen in Fig(8, resulting in a further
stretched exponent was fixed at the vadue 0.6; this value resistivity increase of 0.65 fthcm. The pressure was then
+0.08 was found to give the best fit both in the presentully released at 298 K, causing the resistivity to increase
(samples B and CCand earlier studiessample A.2 instantly by 0.35 2 cm, and the time-dependent relaxation
In Fig. 7 we plot the values of at ambient and 0.65 GPa measured for 170 h, wherelpy(t) increased by a further
pressures versus the inverse temperature. We see that, withitd5 nf) cm. The final valuep(298 K)=14.1 n{) cm agrees
experimental error, the value of the attempt perieggl  exactly with the initial value, confirming the reversibility of
~1.4x10"1? s obtained from temperature-quench experi-the observed relaxation effects. A second experiment was
ments on Y-123(Ref. 27 fits both the ambient and high carried out on sample C where 0.35 GPa pressure was ap-
pressure datgsolid lineg; an accurate determination of plied from ambient and the relaxation in the resistivtft)
d7o/dP would require more exhaustive data over a muchdetermined. The relaxation ip(t) was also studied for
wider temperature range. However, one can argue on genersample D at 298 K at pressures 0.70 GPa and 1 bar. The
grounds that the pressure dependencergfshould be experimental results are analyzed below and the parameters
small?® obtained listed in Tables Il and III.
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FIG. 8. Relaxation behavior of the electrical resistiyitat 298 FIG. 9. Dependence of the activation enekgyon pressure for

K versus timet for YBa,CusOg 45 (sample @ in the He-gas system YBa,Cu;O, samples A—D using botfi; andp as relaxation moni-

following (a) application of 0.70 GPap) reduction of pressure to tors. Dashed lines are linear least-squares fits to data yielding values

0.34 GPa(c) release of pressure to 1 bar. For clarity, only 2% of all of slopedE, /dP given in the figure and Table II.

data points are shown. Solid lines are fits to data using Bgyith

parameters given in the figure and Table IIl. tained during each run. The results of the fits to the resistiv-

ity relaxation data using Ed.7) are listed in Table Il for

The time dependences of the relaxation measurements usamples C and D, including the values of the activation en-

ing the normal state resistivity are seen to be similar to thosergy E, calculated fromr using Eq.(6). As before with the

observed in the measurementsTg{t) described above. We T (t) relaxation data, we fix the value of the stretched expo-

analyze the time-dependent resistivity daid) at 298 K nent ata=0.6. For sample C the quality of the(t) data

using a stretched exponent expression analogous to that usglfows us to user as a fit parameter; the values @fgiving

for T¢(t) in Eg. (5), namely, the best fits are listed in Table Ill and Fig. 8 along with other
(e fit parameters. The quality of the fits using both valuesrof
_ _ _ ot is indistinguishable on the scale of the graph in Fig. 8. The
p)=p(=)=[p(=) p(O)]exp{ (7) } @ pressure dependence of the activation eneifgy/dP listed

. in Table 1l is, within experimental error, independent of the
where p(«) and p(0) are the resistivities of the sample at \,5jue of o used.

infinite time and before any relaxation takes place, respec- 1o pressure dependence of the activation enEgyP)
tively. The fit to the resistivity data should give much more

) ) btained from the fits is plotted in Fig. 9 for samples A-D
accurate results since several thousand data points were qg’s'ing bothT,(t) andp(t) to probe the degree of relaxation.

In our previous study on sampk®, E, was found to in-
crease linearly with pressure to 2.3 GPa. A linear least-
squares fit to the data in Fig. 9 results in the values of the
slopedE,/dP given in Table 11?°

p) pl0) The pressure dependence of relaxation effects is usuall
Sample P (GPa mQcm mQcm 7(h) a Ep(eV) p - p - ; y
analyzed in terms of the activation volum&/, which can
11.17 1344 20.99) 051 0.990 be calculated from the pressure dependence of the activation

TABLE Ill. Parameters obtained from fits using E@) to re-
sistivity data on YBaCu;0, (samples C and D See text for details.

c 070 1128 1329 207 060 0.989 energy®
c 034 12.36 11.71 12.34) 0.62 0.976
’ 12.37 11.70 12.28) 0.60 0.976 dE,

c , 1416 1271 1203 067 0975 AVA:AVfJFAVm:NA(W ’ ®
1417 1247 9.9@) 0.60 0.971

c 0.35 12.13 13.77 16.20) 0.54 0.983 where!\lA is Avogadrq’s number andV; and AV, are the
12.17 13.66 17.21) 0.60 0.985 formation and migration volumes per mol, respectively. The

c 0 14.09 1256 12.20) 0.65 0.976 activation volumes calculated from E@8) are given in
1410 12.42 11.03) 0.60 0.973 Table 1. We compare these activation volumes with the mo-

D 070 1.854 1.939 11.79 060 0975 lar volume of the diffusing speciééyz-=5.78 cni/mol.3!

D 0 2122 2.042 252 0.60 0.936 Since here the relaxation behavior is believed to arise
from oxygen defects in the basal plane which were intro-
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duced during the synthesis, and thus need not be formeidg oxides in consideration here are not closely packed, but
through the application of pressure, the formation volumefairly open structures, it is reasonable to expect that estimates
should be zero. The measured activation volume should thugsom the hard-sphere model would be lower than the experi-
correspond solely to the migration volume. Unfortunately, tomental values? In the hard-sphere model, all non-nearest-

our knowledge there are no theoretical estimates of the mineighbor interactions are neg|ected; in ionic Compounds,

gration volume for the higff-; oxides. We have recently sych as the high-, superconductors, long-range Coulomb

applied a simple, hard-sphere approach to esting,

interactions are important and will certainly make an impor-

where we assume that the diffusing oxygen defect in theant contribution to the migration volume.

basal plane first moves from theg(1) site of one chain frag-
ment to the adjacent ©) site and then back to a parallel

chain site?>32 The results of the hard-sphere model are that

AV~ +1.9 cnt/mol for samples A, B, and C, whereas
AV~ +2.0 cnt/mol for sample D. These values are ap-
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