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Changes in irreversibility line, anisotropy, and condensation energy
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We report results of magnetization measurements on the same YBa2Cu3O72d crystal for a range ofd values
0.03<d<0.35, in magnetic fields up to 120 kOe, applied parallel or perpendicular to the CuO2 planes.
Zero-field resistivity anisotropy measurements have also been made for the same values ofd. The irrevers-
ibility line Hirr falls by over a factor of 10 in the range ofd studied, and there is a similar strong decrease in
superconducting condensation energy associated with the growth of the normal-state pseudogap in under-
doped cuprates. On the other hand, the anisotropy inHirr and the room-temperature resistivity anisotropy only
increase by a factor of 2. Evidence that for our crystals the so-called ‘‘vortex lattice melting line’’Hm(T)
'Hirr (T) is presented. There is also a large field and temperature region where the reversible magnetization
varies asH21/2 and its magnitude corresponds to a free-energy density ofkBT in a certain field-dependent
correlation volume. Many of the results are consistent with the presence of critical thermodynamic fluctuations
described by the three-dimensionalXY model; these are probably enhanced when the field along thec axis is
greater than 10 kOe.@S0163-1829~99!02825-8#
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I. INTRODUCTION

The irreversibility lineHirr is a characteristic boundary i
the field-temperature H-T phase diagram of high
temperature superconductors above which there is still a r
tively large diamagnetic signal~of the magnitude expecte
from standard Ginzburg-Landau theory!, but the magnetiza-
tion versus fieldM (H) curves are perfectly reversible an
the resistivity is finite. This line is therefore of considerab
technical importance because it determines the power d
pation in an applied magnetic field. YBa2Cu3O7 or YBCO~7!
is particularly interesting because forHic it has the highest
irreversibility line Hirr

c (T/Tc) of all known high-Tc super-
conductors. The relationship betweenHirr

c (T) and the so-
called vortex lattice melting line,Hm

c (T), at which there is a
weakly first-order phase transition1 is also of interest. Small-
angle neutron-scattering work2 shows that the flux-line lat-
tice disappears atHm

c (T) but so far has given no evidence fo
a liquid of line vortices aboveHm

c (T). Nor is there any clear
evidence from flux transformer experiments for nonlo
electrical conductivity that could be ascribed to line vortic
aboveHm

c (T).3 As discussed further in Sec. III C, whatev
its nature, it is very probable that the melting line represe
an upper limit to Hirr

c (T) and that in typical twinned
YBCO~7! crystals there are usually enough defects to pin
vortex lattice and give some detectable magnetic hyster
~on the time scales used in the present work, namely, fi
PRB 600163-1829/99/60~1!/698~9!/$15.00
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sweep rates of 20–200 Oe/s! as soon as the flux-line lattice i
formed atHm

c (T).4–8

For such crystals it was shown recently4 that with a mag-
netic field H applied parallel to the crystallographicc axis,
the corresponding irreversibility lineHirr

c (T) occurs at a
fixed point on the three-dimensional~3D! XY scaled magne-
tization curves, indicating that atHirr

c (T), and by implication
Hm

c (T), the free energy in a coherence volume is a fix
multiple of kBT(kB being Boltzmann’s constant!. Integration
of the experimentalM (H) curves4 showed this multiple to
be 0.3–1kBT suggesting that thermodynamic fluctuatio
have a crucial influence on the melting and irreversibil
lines over a substantial temperature region aroundTc , much
wider than that given by the reduced Ginzburg temperat
tG .9,10 Thus, for fully oxygenated YBCO, and forHic, the
shapeof Hirr

c for t,0.3 is determined by the power law
Hirr

c 5H* t4/3, wheret512T/Tc , and itsmagnitudeis char-
acterized by the prefactorH* .

It is known11 that the behavior outlined above chang
with the oxygen depletiond in YBa2Cu3O72d . Removal of
oxygen from the conducting CuO chains increases the
isotropy in physical properties parallel and perpendicular
the c axis, and is expected to give a more pronounced
behavior. However, in the same range ofd, specific-heat
measurements show a large decrease in the condensatio
ergy densityHc

2(0)/8p.12 In this paper we report experimen
tal data that seem to distinguish between the influence
698 ©1999 The American Physical Society
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PRB 60 699CHANGES IN IRREVERSIBILITY LINE, . . .
increased anisotropy and decreased condensation energ
Hirr

c as d is increased. We also discuss 3DXY scaling for
Hic in a wide oxygen-doping range, showing that althou
Hirr

c (T) sometimes deviates from being a fixed point on
XY plots, 3DXY scaling of the reversible magnetization st
holds in certain areas of theH-T phase diagram.

II. EXPERIMENT

The crystals were grown from flux in an Y2O3 crucible
~with 1% BaO as binder!, using 99.999% purity chemicals.13

Two twinned YBCO single crystals from the same bat
were annealed in flowing oxygen at selected temperat
and quenched into liquid nitrogen in order to changed. After
quenching they were held at room temperature for at leas
h so that any short-range ordering of the oxygen atom14

could stabilize. Their zero-fieldTc values and transition
widths were measured using an ac susceptometer,
checked in subsequent magnetization or resistivity meas
ments. The resistivity anisotropyg res of the smaller sample
(Y1) was measured using the Montgomery method,15 and
this is compared with the change in anisotropy obtained fr
the magnetization measurements. The resistivity results w
checked ford50.35 using a third crystal. The larger cryst
(Y2;5.3 mg, 1.5931.5230.34 mm3) was used for magneti
zation measurements withHic andHiab, using a vibrating
sample magnetometer~VSM! and a superconducting quan
tum interference device~SQUID! magnetometer. The vari
ous values ofd were obtained by annealing in flowing oxy
gen for;10 days at the following temperatures~and in the
following order!: 600 °C (d50.21, Tc583.7 K),
560 °C (d50.15, Tc591.0 K), 500 °C (d50.08, Tc
593.2 K), 710 °C (d50.35, Tc561.4 K), 420 °C (d
50.03,Tc591.3 K). The values ofd were derived from the
annealing temperatures using our own unpublished data
published equilibrium oxygen-pressure curves for sing
phase polycrystalline YBCO.16 The estimated uncertainty i
the values ofd listed above is60.02. TheTc values were
determined using a Lake Shore ac susceptometer~ACS!
~samplesY1,Y2), an Oxford Instruments VSM and a Qua
tum Design SQUID magnetometer~sampleY2), and by re-
sistivity measurements~sampleY1). All magnetization mea-
surements were carried out for bothHic and Hiab. We
found no discrepancy between the above measuremen
Tc within experimental error. TheTc values were taken a
the midpoints of the 10–90% ACS transition points. T
10–90% transition widthsDTc were found toincrease with
increasingd, and ranged from 0.4 K (d50.03) to 1.8 K (d
50.35). Repeated annealing and quenching did not red
these transition widths. The increase inDTc with d could
possibly arise from short-range ordering or clustering of
oxygen atoms at room temperature,14 or from increased 2D
character. In support of the latter point we note thatDTc of
highly anisotropic Bi2Sr2CaCu2O81x ~Bi2212! is invariably
at least 2 K.

The electrical contacts on the sampleY1 were made using
25-mm-diam gold wires and DuPont 6838 silver paste, fir
at 420 °C in flowing oxygen for 5 min. This procedure ga
contact resistances of a few ohms per contact. After the
sistivity measurements had been completed for a givend, the
silver contacts were removed by etching the sample i
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solution of 4% Br in ethanol for 20 min, followed by furthe
cleaning in an ultrasonic bath. Each etch reduced the sam
dimensions by less than 1mm per side. The resistivity mea
surements were carried out using a low-frequency
method, with the contacts in a Montgomery geometry, i
with two line contacts on eachab face of the crystal platelet
The size of the crystal was 130.830.09 mm3 with the short
dimension corresponding to thec direction and the distance
between the contacts was 0.860.1 mm.

The VSM measurements on sampleY2 were carried out
using both field sweeps and zero-field-cooled~ZFC! and
field-cooled~FC! temperature sweeps. The field-sweep r
was 20–200 Oe/s, and for these speeds we found no de
dence ofHirr on the sweep rate. The temperature-swe
rates were 0.011 K/s for ZFC and FC, and 0.003 K/s for
measurements ofTc in 5 Oe. In many cases there were cle
changes in slope of the FC and ZFCM (T) curves in the
reversible region and these could be used to defineHm(T).
The values ofHirr determined from the point at which ther
was a significant difference between ZFC and FCM (T)
curves were typically 30% less than those from theM (H)
loops and showed a somewhat strongerT dependence. As
before,4 these differences are ascribed to flux creep dur
the slower temperature sweeps. In our further discussions
useHirr determined from the field sweeps but the relatio
ship betweenHirr and Hm(T) is considered again in Sec
III C. The superconducting contribution to the total magne
zation was extracted by subtracting the normal-state p
magnetism of the sample measured aboveTc using a more
sensitive SQUID magnetometer. Corrections were made
the changes in the intrinsic spin susceptibility in the sup
conducting state given by electron spin resonance studi17

and the effect of the normal-state gap derived from NM
work.18 Typical uncertainties in these corrections are615%
of the spin susceptibility of YBCO~7! giving
6431025 emu (0.05 G) at 120 kOe o
61.831026 G K21 Oe21/2 on the 3D XY scaled plots
shown below in Fig. 6. ForTc561.4 K, corrections for a
small Curie term~0.01 emu K/mol! arising from paramag-
netic impurities or defects have also been made. In Fig
below, they are significant at the level of63.6
31026 G K21 Oe21/2.

III. MAGNETIZATION MEASUREMENTS

A. Raw magnetization data

In Fig. 1 we show typical results of the magnetizatio
loop measurements forHic @expressed as the measur
magnetic momentm ~emu!# after subtracting the normal
state paramagnetic contribution. Thed values increase from
0.03 to 0.35, as indicated, while theT/Tc values are chosen
to be 0.83–0.84. It is clear that the irreversibility points a
clearly defined. At high fields the reversible magnetizati
falls approximately as the condensation energy~shown later
in Fig. 10! but its value just aboveHirr (T) is always in the
range20.001 to20.0015 emu or21.2 to 21.8 G at the
reduced temperatures shown.

B. Irreversibility lines for H ic

In the experimentally accessible region of itsH-T dia-
gram (0.01<t<0.2 and 3 kO<H<120 kOe), Hirr

c of
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YBCO~7! exhibits at4/3 temperature dependence.4 More an-
isotropic high-Tc compounds have lowerHirr

c (t), and at low
temperatures tend to show deviations from power-l
behavior.19,20 More precisely, an initial power lawHirr

c }tn,
wheren51 –1.5, changes at low temperatures to a stra
line on a lnHirr

c versusT plot. For both highly anisotropic
Bi2223 and Bi2212,Hirr

c 5H0 exp(2T/T0) is observed at low
temperatures and over a wide range ofT.20,21 A similar in-
crease inHirr

c above an initial power-law dependence w
found for oxygen-deficient YBCO as well,19 indicating a
similar exponential form ofHirr

c at low temperatures. In gen
eral, the lower values ofHirr

c for the more anisotropic high
Tc systems allow larger and different regions of theHirr

c (T)
line to be investigated. As an illustration of this, in Fig. 2 w
showHirr

c for the two limiting cases of our work,d50.03~a!
andd50.35 ~b!. The solid lines are fits to the power law~a!
and the exponential law~b!. As mentioned before, the law
Hirr

c }t4/3 has a natural description within the framework
3D XY fluctuation theory, while the exponential dependen
has often been observed in Josephson-coupled layered

FIG. 1. Measured magnetic moment (m5MV) loops for Hic
after subtraction of the normal-state paramagnetic signal. Thd
values increase from 0.03~a! to 0.35~e!, andT/Tc;0.8320.84 for
all the data shown.
t

e
gh-

Tc superconductors such as Bi2212. Here we simply use
plot in Fig. 2~b! as an appropriate and simple description
the change of the shape ofHirr

c , its underlying cause is dis
cussed in Refs. 19 and 20.

Figure 3 showsHirr
c versust for all values ofd studied.

For 0.15>d>0.03 there is a reasonably large region that c
be fitted by at4/3 power law. Ford50.21 andd50.35 the
data give a better fit ton51 rather thann54/3 betweent
50.01 andt50.1 ~even after taking into account the in
creased zero-field transition widths and the associated e
in Tc). It possibly arises because the critical behavior givi
n54/3 is induced by the application of a field greater than
kOe along thec axis. For increasingd there is some evidenc
for a change in the functional form~shape! of Hirr (t).
Namely, ford50.35 then51 power law mentioned abov
may go over directly to an exponential law at higher valu
of t @Fig. 2~b!#. However we have estimated the magnitu
of Hirr (T/Tc) by fitting all curves to a 4/3 power law, a
shown by the solid lines in Fig. 3, i.e., by determining t
parameterH* in the lawHirr

c 5H* t4/3. Clearly, this is only
approximate ford50.21 andd50.35. However fits to the

FIG. 2. Irreversibility linesHirr
c for Hic for the two limiting

values ofd. ~a! Hirr
c for d50.03, showing (12T/Tc)

4/3 dependence
~straight line!. ~b! Hirr

c for d50.35, showing exp(2T/T0) depen-
dence~straight line! for T/Tc<0.77.

FIG. 3. Irreversibility linesHirr
c vs (12T/Tc) on a log-log plot,

for all d values investigated. The straight linesH* (12T/Tc)
4/3 are

drawn through regions where there is satisfactory 3DXY scaling of
the reversible magnetization. The values ofH* decrease monotoni
cally from 1225 kOe to 80 kOe asd increases from 0.03 to 0.35.
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PRB 60 701CHANGES IN IRREVERSIBILITY LINE, . . .
law Hirr
c 5H0 exp(2T/T0) give Tc /T0 values of 3.3 and 4.1

andH0 values of 570 and 279 kOe, respectively, which a
only a factor of 2 or 3 larger than the corresponding values
H* ~280 and 80 kOe, respectively!. Thus the overall conclu-
sion thatHirr

c falls strongly withd is valid both in the power-
law region nearTc and the exponential region well belo
Tc .

C. Relationship betweenH irr
c
„T… and the melting line H m

c
„T…

For the measurements withd50.15 andHic there are
well-defined anomalies in the reversible regions of the Z
and FCM (T) plots, some of which are shown in Fig. 4~a!.
These are thought to mark the melting lineHm

c (T) and, as
shown in Fig. 4~b!, they agree extremely well with the value
of Hirr

c (T) determined from closure of theM (H) loops taken
with the VSM and also obey a 4/3 power law. However, t
values ofHirr

c (T) obtained from closure of the FC and ZF
M (T) curves are 20–40 % lower and fit ann51.5 power
law better thann54/3. We attribute these differences to th

FIG. 4. ~a! Examples of ‘‘melting’’ anomalies in the reversibl
magnetizationM (T) for Hic and d50.15. Open symbols, ZFC
data~warming!; closed symbols, FC data~cooling!. ~b! Comparison
of Hirr

c (T), Hirr
ab(T) for d50.15 @both derived from VSMM (H)

loops at 20–200 Oe/s# with melting anomalies such as those~a!.
Hirr

c (T) data from ZFC and FCM (T) curves are also shown. The
fit the n51.5 power law while the other data all fitn54/3.
e
f

e

effects of flux creep during the slower ZFC and FC tempe
ture sweeps. Namely, the flux-line lattice is formed
Hm

c (T), but because of flux creep on long time sca
Hirr

c (T) is significantly smaller thanHm
c (T) when the tem-

perature is swept slowly in fixed fields. There is also so
evidence for melting anomalies atd50.21 from changes in
slope of M (T) but they are not as sharp. It seems thatd
50.15 ~corresponding to an annealing temperature
560 °C) is particularly favorable for observing melting b
cause the twin structure is less well developed but the c
densation energy is still large enough to give a cle
anomaly. The FC and ZFC data ford50.15 ~and for 0.21—
not shown here! provide direct evidence thatHirr

c (T) ob-
tained from VSMM (H) sweeps at 200-Oe/s is almost ide
tical to Hm

c (T). However ford50.35, where any changes i
slope in M (T) are only just visible,Hirr

c (T) from the 200
Oe/s VSM field sweeps seems to be a factor of 2 less t
Hm

c (T), probably because of even weaker pinning of t
flux-line lattice associated with the extremely low conden
tion energy.

The relationship betweenHm andHirr has been discusse
recently by Willeminet al.22 who also found that the mea
surement procedure has an important effect. By applyin
small additional ac fieldHac in their magnetic-torque mea
surements they have shown thatHirr is essentially equal to
Hm at Hac50 and drops well belowHm whenHacÞ0. The
effects of their ac field and our slow ZFC/FCT sweeps on
Hirr have the same physical origin. In their case, vor
creep is enhanced by shaking the vortices out of their p
ning sites with an ac field, whereas in our case there is
nificant creep when a fixed field is applied for a long tim
They also find thatHirr 'Hm when the vortex creep is sup
pressed and thatHirr ,Hm when it is not, as well as the 4/3
power law whenHm'Hirr . These two independent an
complementary approaches both lead to the conclusion
Hm andHirr are the same in YBCOonly if there is negligible
vortex creep on a time scale of the measurement. For v
low condensation energies it is probable that only quite ra
measurements would giveHm'Hirr .

D. Anisotropy in the irreversibility lines

For Hic the appropriate coherence length isjab , while
for Hiab the coherence scale is (jabjc)

1/2,jab . This means
that in an anisotropic 3D picture characteristic properties
Hic and Hiab, such as lines in theH-T diagram, should
scale with the anisotropy parameterg5jab

0 /jc
0 and are ex-

pected to be higher forHiab than for Hic. In the case of
Hirr

c (d50.03), with well-definedt4/3 behavior, in the critical
region we expect4 Hirr

c }jab
22 . As discussed in Sec. III E, 3D

XY scaling forHiab introduces the scaling variable of th
free-energy density asz5Hjabjc /F0, and the ratiog irr

5Hirr
ab/Hirr

c is only expected to be exactly equal to the a
isotropy parameterg if both Hirr

c and Hirr
ab occur at fixed

points of the 3DXY magnetization plots. However, if th
reversible-magnetization data collapse on to a 3DXY curve
of a reasonably small width and if the broadening ofHirr
around a fixed point is reasonably small for the both fie
orientations, theng irr should still be a good estimate ofg.
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In Fig. 5 we showHirr
c and Hirr

ab/g irr for d50.03 andd
50.35 plotted againstt on a log-log plot. The data for the
other oxygen concentrations lie in between theses two
tremes. SinceHirr

c andHirr
ab do not have exactly the samet

dependence, there is an uncertainty of at least60.3 for each
g irr (d). This analysis shows thatg irr increases smoothly
from 5 (d50.03) to 9.5 (d50.35) asd increases, that is by
approximatelya factor 2, while H* decreases by more tha
a factor of 10@1225 kOe (d50.03) to 80 kOe (d50.35)].

E. 3D XY scaling

The free-energy densityf s of a superconductor in a mag
netic field in the presence of thermodynamic fluctuations
be written as23,24

f s5 f n2
CkBT

Vc
GS Hj2

F0
D , ~1!

where f n is the normal-state free-energy density,C a con-
stant of order unity,Vc5jab

2 jc a T-dependent correlation
volume, j a coherence scale, andG an unknown scaling
function. For Hic, j5jab , and for Hiab, j5(jabjc)

1/2.
Taking the first derivatives with respect toH gives the fluc-
tuation magnetizationsMab,c ~where subscripts denote dire
tions of the applied magnetic field!:

Mab,c

H1/2
52

CkBT

F0
3/2

Gab,c , ~2!

where Gc5gG8(y)/y1/2, Gab5g21/2G8(y/g)/(y/g)1/2. For
the 3D XY universality classy5H(jab

0 )2/F0t2n, and n
52/3 is the appropriate critical exponent for the temperat
dependence of the coherence lengths. Thus, theoreti
speaking, in the critical region it is possible to observe sca
M /TH1/2 versusH/t4/3 curves not only forHic but also for
Hiab. The results forHic can be discussed with more ce
tainty, because the stiffness of the system forHiab means
that the reversible region occurs over a much smaller t

FIG. 5. Irreversibility linesHirr
c (Hic) and Hirr

ab/g irr (Hiab)
for the two limiting values ofd. The other irreversibility lines are
intermediate between the two extremes shown, withg irr changing
monotonically from 5.0 to 9.5 asd increases from 0.03 to 0.35.
x-

n

e
lly
d

-

perature range and also the corrections for the normal-s
spin susceptibility and paramagnetic impurities are more
nificant.

In Figs. 6~a! and 6~b! we show the 3DXY scaled magne-
tization curves ford50.03 for bothHic ~a! andHiab ~b!.
The results in Fig. 6~a! were shown previously,4 and we plot
them again for completeness. We note the character
structure of 3DXY scaling shown in Fig. 6~b!, for Hiab,
which justifies the prediction of Eq.~2!.

In Figs. 6~c!–6~f! we show the 3DXY scaled magnetiza
tion curves for the otherd values, withHic. Taking into
account the uncertainties in the normal-state paramagne
mentioned in Sec. II, there is good 3DXY scaling of the
reversible magnetization for all curves in the region 0.
,t,0.1520.2. However asd is increased the scaling break
down at certain values oft ~0.05 for d50.15 and 0.07 for
d50.35). As discussed in connection withHirr (t) in Sec.
III B, this probably represents different physics~an exponent
n51). It is interesting to note that a relatively broad 3DXY
scaling region has been observed25 for extremely 2D Bi2212
crystals forHic in the range 0.04,t,0.24, but with a dif-
ferent scaling function.

To conclude this subsection, the results we presen
show that for YBCO~72d! thermodynamic fluctuations o

FIG. 6. 3D XY scaling of the measured magnetization (M
5m/V). ~a! d50.03,Hic. This result was known previously~Ref.
4!. ~b! d50.03,Hiab. The characteristic structure of 3DXY scal-
ing is clearly visible, although the range of analysis is restricted
a narrow region in theH-T plane.~c!–~f! 0.08<d<0.35 andHic.
Thed values are~c! 0.35,~d! 0.21,~e! 0.15,~f! 0.08. The tempera-
ture ranges where 3DXY plots show satisfactory quality are ind
cated.



n

n
is
l

t

nt
e-

-

for

nts

are

3D
gy

s

the
nts.
m-

n-

le

p
e

PRB 60 703CHANGES IN IRREVERSIBILITY LINE, . . .
the 3D XY class play an important role above and arou
Hirr , for bothHic andHiab.

F. Form of 3D XY scaling plots

It is informative to look at the form of the various 3DXY
plots for Hic shown in Fig. 6 in more detail. This has bee
done by making the log-log plots shown in Fig. 7. Surpr
ingly, all these curves show a 1/y behavior that in severa
cases extends over more than one decade iny. In terms of

FIG. 7. ~a! Log-log plots of the 3DXY scaled magnetization
(M5m/V) curves shown in Fig. 6 forHic. Note the extended
regions of slope21, showing that over much of the reversib
region the scaled magnetization is proportional to 1/y, wherey is
the 3DXY scaling variableHjab

2 . ~b! Scaled 3DXY plots accord-
ing to Eq.~4!. The vertical scaling factor is the measured anisotro
g irr and the horizontal one is (jab

0 )2. Both parameter values ar
given in Table I. TheHirr

c values scale adequately except ford
50.35 probably because for this value ofd, Hirr

c is a factor of 2
lower thanHm

c , as mentioned in Sec. III C.
d

-

Eq. ~2! this implies thatG8(y)}y21/2 and that the dominan
field-dependent contribution toG(y) is }y1/2. From Eq.~1!
this gives

f s5 f n2F~T!1
CkBTg

jab
2

A H

F0
, ~3!

whereF(T) is essentially field independent. If the consta
C'1, then the field-dependent contribution to the fre
energy density in Eq.~3! is equal tokBT in the characteristic
volume jabjcAF0 /H. The corresponding form of the mag
netization is

Mc52
CkBTg

2jab
2
A 1

F0H
. ~4!

Taking the constantC to be slightly more than unity~1.5!,
jab

0 512.6 Å @corresponding to a coherence volume (jab
0 )3/g

of 400 ~Å! 3 for YBCO~7! @Ref. 4# together with the mea-
sured value ofg irr 55, leads to values ofM (T,H), which
are in remarkable agreement with the experimental data~to
within a few percent! betweenHirr

c and 2Hirr
c . For higher

values ofd, the field range where there is 1/y behavior is
much wider as shown in Fig. 7, and in order to account
the magnitude ofM (H,T) in terms of Eq.~4! ~using the
measured values ofg irr ) the ab-plane coherence lengthjab

0

must increase withd by a factor of 2.5 fromd50 to d
50.35 as shown later in Table I. Preliminary measureme
of the fluctuation magnetization aboveTc for the same crys-
tal provide support for this scenario in that the results
consistent with such changes injab

0 with d. Furthermore, as
also shown in Table I, these values ofjab

0 are consistent with
the productHc

2(0)(jab
0 )3/8pgTc being approximately con-

stant as expected for critical fluctuations described by the
XY model.4 This product is in fact the condensation ener
in a coherence volume atT50 measured in units ofTc . It is
surprisingly small, ranging from 0.15–0.23kB . In summary,
the form of Eq.~4! should provide an important clue toward
understanding the so-called ‘‘vortex liquid’’ phase.

G. Resistivity anisotropy

Resistivity measurements provide information about
anisotropy independently of magnetization measureme
The most widely used expression for the anisotropy para
eter is the square root of the resistivity ratio, i.e.,g res
5(rc /rab)

1/2 @the subscripts denote the resistivities perpe
dicular~c! and parallel to the planes (ab)#. In the anisotropic

y

ls are
in
TABLE I. Summary of various parameters measured or derived in the present work. All symbo
defined in the text except forK, which is equal toHc

2(0)(jab
0 )3/8pg irr Tc and is expected to be constant

a 3D XY critical fluctuation picture.

d Tc ~K! Hc
2(0)(kOe2) H* (kOe) g irr g res jab

0 (d)/jab
0 (d50) K(kB)

0.0360.02 91.3 120 1225 5.0 4.96 1 0.15
0.08 93.2 110 1000 6.5 4.76 1.14 0.16
0.15 91.0 8366 430 7.2 5.40 1.45 0.23
0.21 83.7 3867 280 8.0 6.70 1.90 0.22
0.35 61.4 14 80 9.5 8.05 2.45 0.20
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effective mass or the anisotropic Ginzburg-Landau~GL!
model, the anisotropy in the superconducting state, i.e.,
ratio of the coherence lengthsjab and jc , equalsg res de-
fined above. In the case of untwinned YBCO crystals,
resistivityrb along the conducting CuO chains is lower th
the resistivityra perpendicular to the chains, which intro
duces a threefold anisotropy.26 However our samples ar
twinned, and the measuredrab is an average ofra andrb ,
including some contribution of the twin boundaries as wel26

An appropriate method for measuring bothrc andrab is the
Montgomery method15 that is based on measuring the res
tancesRi j 5Vi j /I kl , where i , j and k,l are four electrical
contacts. Two of them~1,2! are made to the top surface o
the crystal platelet, and the other two~3,4! to the bottom,
with thec axis perpendicular to the surface as sketched in
inset to Fig. 8~a!. We applied this method to the sampleY1,
using a low-frequency ac current of 100mA. A consistency
check was made using a second crystal withd50.35, for
which the results obtained agreed to within 10–15 %.

In Fig. 8~a! we show our results forrab and in Fig. 8~b!
for rc . The results are in rather good agreement with p
lished work26–29 although checks should be made for oth
crystals before discussing details such as the preciseT de-
pendences ofrab andrc . The data ford50.35 are missing

FIG. 8. Resistivitiesrab ~a! andrc ~b! determined by the Mont-
gomery method. Ford50.35 the Montgomery resistanceR12 could
not be detected below;100 K and lower-temperature data a
missing. The geometry used for the Montgomery method is sho
in the inset to~a!.
e

e

-

e

-
r

at low temperatures because at this relatively high leve
anisotropy, R12 was too small to be measured belo
;100 K.

For the purpose of our present work the most interest
quantity is the change in anisotropy withd. We define the
resistivity anisotropyg res5(rc /rab)

1/2 in the usual way, and
the results are shown in Fig. 9. It is clear thatg res is tem-
perature dependent and that it increases with decreasing
perature. The temperature dependence becomes weaker
decreasingd, ending finally in an almost temperature
independent curve ford50.03. We assign this behavior t
the presence of the normal-state gap in oxygen-defic
samples,30 which probably has a stronger effect onrc than
rab and is therefore responsible for the temperature dep
dence ofg res . The marked temperature dependence ofg res
raises the question as to how it can be used to estimate
anisotropy. Because of the existence of the normal-state
we believe that the high-temperature values ofg res give the
best measure of the band-structure anisotropy. Indeed
room temperature all the anisotropy curves are reason
flat with respect to temperature, including that ford50.35.
We note that the change ing res ~290 K! is moderate, and
that it ranges from 4.96 (d50.03) to 8.05 (d50.35). It is
interesting to note that it is the room-temperature resistiv
anisotropyg res ~290 K!, rather thang res just aboveTc that
agrees with the anisotropy inHirr ~Sec. III D!.

IV. IRREVERSIBILITY LINES, ANISOTROPY, AND
CONDENSATION ENERGY

In this section we summarize results presented previou
and establish connections betweenHirr

c , the anisotropy, and
the condensation energy. The specific-heat data from Re
give the d dependence of the condensation energy den
Hc

2(0)/8p. Up to this point we have shown that the anisotr
pies g irr and g res , in the irreversibility field and room-
temperature resistivity respectively, increase approxima
by a factor of 2, whileHirr decreases by more than a fact
of 10 whend increases from 0.03 to 0.35. We summari
these results in Table I and also in Fig. 10 where we p
several important quantities as functions ofd: Hc

2(0), H*
@Fig. 10~a!#, andTc , g irr , andg res @Fig. 10~b!#. The com-

n

FIG. 9. Anisotropiesg res[(rc /rab)
1/2 found from the resistiv-

ity curves in Fig. 8.
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parison ofHc
2(0) and H* reveals a striking similarity be

tween these two quantities, showing the close mutual rela
between the ‘‘strength’’ of superconductivity@Hc

2(0)# and
the irreversibility lineH* , which is also a measure of th
resistance of the vortex solid to melting~see Sec. III C for
details!. It is not the maximumTc that determines the ther
modynamic stability of the vortex solid, but the product
the pair density and the energy per superconducting pair,
the condensation energy. Thus, although the change in
isotropy undoubtedly has some effect, we conclude thatthe
condensation energy predominantly determines the ma
tude of the irreversibility line ofYBCO(7-d) over a signifi-
cant range ofd. If we look at the oxygen-doping dependen
of the anisotropy, we see that it depends much less ond than
eitherHc

2(0) or H* . Furthermore, it can be seen in Fig. 10~b!
that g irr andg res have the samed dependences. If we mul
tiply g res with a factor of;1.2, then both anisotropies lie o
the same curve.

FIG. 10. ~a! H* , Hc
2(0), and ~b! the anisotropiesg irr , g res

~left-hand scale! and Tc ~right-hand scale! plotted versusd. The
condensation energy is obtained by integrating specific-heat
from Ref. 12, while the other quantities are the results of the pre
work. Note the similarity between the condensation energy and
magnitude of the irreversibility lineH* , as well as the agreemen
between the two measures of anisotropies~with a scaling factor of
1.2!.
.

h

on

f
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an-
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e

V. SUMMARY AND CONCLUSIONS

There is experimental evidence that the strong decre
in both the irreversibility lineHirr (T) and the melting line
Hm(T) with oxygen depletion are connected with the stro
reduction in condensation energy associated with the p
ence of the normal-state pseudogap.30 The changes in the
anisotropy derived from the ratio ofHirr

ab/Hirr
c or the room-

temperature resistivity are much smaller and this is s
ported by a previous magnetoresistance study of oxyg
depleted YBCO films that gave similar values f
Hirr

ab/Hirr
c .29 Our finding that there is an extended field regi

in which the reversible magnetization falls asH21/2 and has
a magnitude corresponding to a free-energy density ofkBT
in the coherence volumejabjcAF0 /H may help towards
understanding the ‘‘vortex liquid’’ phase. Although there
evidence that many features of the experimental data
consistent with a 3DXY scaling picture involving critical
thermodynamic fluctuations we do not have any microsco
picture for the nature of the ‘‘vortex liquid’’ phase. Othe
scenarios in whichHirr (T) andHm(T) are directly linked to
the out-of-plane penetration depthlc(0) or to thec-axis re-
sistivity ~which is the important parameter in a Josephs
coupling model19! might also account for the strong decrea
in Hirr

c with d shown in Fig. 10~a!. Namely, both direct
measurements31 and optical conductivity studies32 show that
lc

2(0) increases by a factor of 30 fromd50.03 to 0.35. In
such models the normal-state pseudogap is still impor
because of its effect onc axis transport. However, it is no
clear whether such models can account for the variation
Hirr

ab with d or the various 3DXY scaling properties reporte
here.
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D. Babić, Ph.D. thesis, University of Zagreb, 1996.

22M. Willemin, C. Rossel, J. Hofer, H. Keller, A. Erb, and E
Walker, Phys. Rev. B58, R5940 ~1998!; M. Willemin, A.
Schilling, H. Keller, C. Rossel, J. Hofer, U. Welp, W. K. Kwok
R. J. Olsson, and G. W. Crabtree, Phys. Rev. Lett.81, 4236
~1998!.

23D. S. Fisher, M. P. A. Fisher, and D. A. Huse, Phys. Rev. B43,
130 ~1991!.

24T. Schneider, J. Hofer, M. Willemin, J. M. Singer, and H. Kelle
Eur. Phys. J. B3, 413 ~1998!.

25J. R. Cooperet al. ~unpublished!.
26T. A. Friedmann, M. W. Rabin, J. Giapintzakis, J. P. Rice, and

M. Ginsberg, Phys. Rev. B42, 6217~1990!.
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