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We report results of magnetization measurements on the samgCURa, _ ; crystal for a range ob values
0.03<6<0.35, in magnetic fields up to 120 kOe, applied parallel or perpendicular to the @la@es.
Zero-field resistivity anisotropy measurements have also been made for the same vajud$efirrevers-
ibility line H;,, falls by over a factor of 10 in the range éfstudied, 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;inand the room-temperature resistivity anisotropy only
increase by a factor of 2. Evidence that for our crystals the so-called “vortex lattice melting HRgT)
~H;, (T) is presented. There is also a large field and temperature region where the reversible magnetization
varies asH 2 and its magnitude corresponds to a free-energy densifyBfin a certain field-dependent
correlation volume. Many of the results are consistent with the presence of critical thermodynamic fluctuations
described by the three-dimension&Y model; these are probably enhanced when the field along #ixés is
greater than 10 kO¢S0163-182@9)02825-9

I. INTRODUCTION sweep rates of 20—200 Oghs soon as the flux-line lattice is
formed atH¢ (T).4~8

The irreversibility lineH;,, is a characteristic boundary in For such crystals it was shown recefittjat with a mag-
the field-temperature H-T phase diagram of high- netic fieldH applied parallel to the crystallographécaxis,
temperature superconductors above which there is still a relahe corresponding irreversibility lin¢if,, (T) occurs at a
tively large diamagnetic signdbf the magnitude expected fixed point on the three-dimension@D) XY scaled magne-
from standard Ginzburg-Landau theprput the magnetiza- tjzation curves, indicating that &, (T), and by implication
tion versus fieldM (H) curves are perfectly reversible and HE(T), the free energy in a coherence volume is a fixed
the resistivity is finite. This line is therefore of considerablemumme of kg T(Kg being Boltzmann’s constantintegration
technical importance because it determines the power dissjs the experimentaM (H) curveé showed this multiple to
pation in an applied magnetic field. YBau;O7 or YBCO(7)  pe 0.3-k,T suggesting that thermodynamic fluctuations
is particularly interesting because fbifc it has the highest haye a crucial influence on the melting and irreversibility
irreversibility line H, (T/T¢) of all known highT; super- |ines over a substantial temperature region araGpdmuch
conductors. The relationship betweétf, (T) and the so- wider than that given by the reduced Ginzburg temperature
called vortex lattice melting lineii;(T), at which there is a  t5.%° Thus, for fully oxygenated YBCO, and fd||c, the
weakly first-order phase transitibis also of interest. Small- shapeof HS, for t<0.3 is determined by the power law

angle neutron-scattering wdrishows that the flux-line lat- HE, =H*t*3 wheret=1-T/T;, and itsmagnitudeis char-

tice disappears &°(T) but so far has given no evidence for gcterized by the prefactdi*.

a liquid of line vortices abovelf,(T). Nor is there any clear It is known'! that the behavior outlined above changes
evidence from flux transformer experiments for nonlocalwith the oxygen depletio in YBa,Cu;O;_ 5. Removal of
electrical conductivity that could be ascribed to line vorticesoxygen from the conducting CuO chains increases the an-
aboveHﬁq(T).3 As discussed further in Sec. Ill C, whatever isotropy in physical properties parallel and perpendicular to
its nature, it is very probable that the melting line representshe ¢ axis, and is expected to give a more pronounced 2D
an upper limit to H{,(T) and that in typical twinned behavior. However, in the same range &f specific-heat
YBCO(7) crystals there are usually enough defects to pin theneasurements show a large decrease in the condensation en-
vortex lattice and give some detectable magnetic hysteresergy density—|(2:(0)/87-r.12 In this paper we report experimen-

(on the time scales used in the present work, namely, fielthl data that seem to distinguish between the influences of
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increased anisotropy and decreased condensation energy swmlution of 4% Br in ethanol for 20 min, followed by further
Hi, asd is increased. We also discuss 30 scaling for ~ cleaning in an ultrasonic bath. Each etch reduced the sample
H|c in a wide oxygen-doping range, showing that althoughdimensions by less than Am per side. The resistivity mea-
HS. (T) sometimes deviates from being a fixed point on 3Dsurements were carried out using a low-frequency ac

irr

XY plots, 3DXY scaling of the reversible magnetization still method, with the contacts in a Montgomery geometry, i.e.,
holds in certain areas of tHeé-T phase diagram. with two line contacts on eachb face of the crystal platelet.

The size of the crystal was<0.8x 0.09 mn? with the short
dimension corresponding to thedirection and the distance
between the contacts was @.8.1 mm.
The crystals were grown from flux in an,®5 crucible The VSM measurements on sampig were carried out
(with 1% BaO as bind@r using 99.999% purity chemicald. using both field sweeps and zero-field-coolétFC) and
Two twinned YBCO single crystals from the same batchfield-cooled(FC) temperature sweeps. The field-sweep rate
were annealed in flowing oxygen at selected temperaturesas 20—200 Oe/s, and for these speeds we found no depen-
and quenched into liquid nitrogen in order to chadgéfter  dence ofH;, on the sweep rate. The temperature-sweep
guenching they were held at room temperature for at least 1ates were 0.011 K/s for ZFC and FC, and 0.003 K/s for the
h so that any short-range ordering of the oxygen atdms measurements &f in 5 Oe. In many cases there were clear
could stabilize. Their zero-field', values and transition changes in slope of the FC and ZR&(T) curves in the
widths were measured using an ac susceptometer, andversible region and these could be used to defipé€T).
checked in subsequent magnetization or resistivity measur@he values oH;,, determined from the point at which there
ments. The resistivity anisotropy,.s of the smaller sample was a significant difference between ZFC and MGT)
(Y1) was measured using the Montgomery mettodnd  curves were typically 30% less than those from M¢H)
this is compared with the change in anisotropy obtained fromloops and showed a somewhat strongedependence. As
the magnetization measurements. The resistivity results weitgefore? these differences are ascribed to flux creep during
checked for6=0.35 using a third crystal. The larger crystal the slower temperature sweeps. In our further discussions we
(Y2;5.3 mg, 1.5%1.52x0.34 mnf) was used for magneti- useH;,, determined from the field sweeps but the relation-
zation measurements with|c andH|ab, using a vibrating ship betweerH;, and H.,(T) is considered again in Sec.
sample magnetometé¥/SM) and a superconducting quan- Il C. The superconducting contribution to the total magneti-
tum interference devicéSQUID) magnetometer. The vari- zation was extracted by subtracting the normal-state para-
ous values of§ were obtained by annealing in flowing oxy- magnetism of the sample measured ab®yeiusing a more
gen for~10 days at the following temperaturé@nd in the sensitive SQUID magnetometer. Corrections were made for
following orden: 600°C (6=0.21, T.=83.7K), the changes in the intrinsic spin susceptibility in the super-
560°C (6=0.15, T,=91.0K), 500°C ¢=0.08, T. conducting state given by electron spin resonance sttidies
=03.2 K), 710°C ¢=0.35, T.=61.4K), 420°C¢ and the effect of the normal-state gap derived from NMR
=0.03,T.=91.3 K). The values ob were derived from the work.!® Typical uncertainties in these corrections aré5%
annealing temperatures using our own unpublished data araf the spin  susceptibility of YBCQ) giving
published equilibrium oxygen-pressure curves for single=4x10 ° emu (0.05 G) at 120 kOe or
phase polycrystalline YBCEP. The estimated uncertainty in +1.8x10° ¢ GK™! Oe 2 on the 3D XY scaled plots
the values ofé listed above is=0.02. TheT, values were shown below in Fig. 6. Foil;=61.4 K, corrections for a
determined using a Lake Shore ac susceptom@i€rS) small Curie term(0.01 emu K/moal arising from paramag-
(samplesy1,Y2), an Oxford Instruments VSM and a Quan- netic impurities or defects have also been made. In Fig. 6
tum Design SQUID magnetometéampleY?2), and by re- below, they are significant at the level of-3.6
sistivity measurementsampleY1). All magnetization mea- X10 ® GK ! Oe 12
surements were carried out for boHi|c and H|ab. We
found no discrepancy between the above measurements of . MAGNETIZATION MEASUREMENTS
T. within experimental error. Th@_ values were taken as
the midpoints of the 10-90% ACS transition points. The ) ) o
10—90% transition widtha T, were found toincrease with In Fig. 1 we show typical results of the magnetization-
increasings, and ranged from 0.4 K§=0.03) to 1.8 K ¢ loop measurements foH||c [expressed as the measured
—0.35). Repeated annealing and quenching did not reduc®agnetic momenm (emu] after subtracting the normal-
these transition widths. The increase AT, with & could state paramagngtlc _contrlbuthn. Thevalues increase from
possibly arise from short-range ordering or clustering of the?-03 to 0.35, as indicated, while tiéT, values are chosen
oxygen atoms at room temperatdfegr from increased 2D 0 be 0.83_—0.84. It is clez_:lr that the |rreve_r5|bll|ty points are
character. In support of the latter point we note that, of clearly defmed. At high fields the reyerS|bIe magnetization
highly anisotropic BiSr,CaCuyOg. , (Bi2212) is invariably ~ falls approximately as the condensation enefgyown later
at least 2 K. in Fig. 10 but its value just abovél;, (T) is always in the
The electrical contacts on the sampé were made using "ange —0.001 to —0.0015 emu or—1.2 to —1.8 G at the
25-um-diam gold wires and DuPont 6838 silver paste, fired'@duced temperatures shown.
at 420 °C in flowing oxygen for 5 min. This procedure gave
contact resistances of a few ohms per contact. After the re-
sistivity measurements had been completed for a giahe In the experimentally accessible region of HsT dia-
silver contacts were removed by etching the sample in gram (0.0kt<0.2 and 3 k&H=120 kOe), H, of

rr

Il. EXPERIMENT

A. Raw magnetization data

B. Irreversibility lines for H|c
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FIG. 2. Irreversibility linesHf, for HJc for the two limiting
values ofé. (a) H:, for §=0.03, showing (+ T/T.)*® dependence
v (straight ling. (b) Hf,, for §=0.35, showing exp{T/Ty) depen-
= 0.02F dence(straight ling for T/T.<0.77.
g o . .
£ o T. sgper_conductors such as 3|2212. nge we S|mpl_y use the
: plot in Fig. 2b) as an appropriate and simple description of
the change of the shape Hif:, , its underlying cause is dis-
cussed in Refs. 19 and 20.
0.02F Figure 3 showdH, versust for all values ofé studied.
’é : For 0.15= 6=0.03 there is a reasonably large region that can
) OF be fitted by at*® power law. For§=0.21 andé=0.35 the
g nf data give a better fit tm=1 rather tham=4/3 betweert
=0.01 andt=0.1 (even after taking into account the in-
creased zero-field transition widths and the associated error
i in T.). It possibly arises because the critical behavior giving
. 00z n=4/3 is induced by the application of a field greater than 10
E 0 kOe along thes axis. For increasing there is some evidence
% for a change in the functional fornshape of H;, (t).
-0.02 Namely, for =0.35 then=1 power law mentioned above
may go over directly to an exponential law at higher values

of t [Fig. 2(b)]. However we have estimated the magnitude
of H;,,(T/T,) by fitting all curves to a 4/3 power law, as
shown by the solid lines in Fig. 3, i.e., by determining the
parameteH* in the lawHS, =H*t*3 Clearly, this is only
approximate for6=0.21 andé=0.35. However fits to the

PR TR W [N T ST T N T T TR [N TR TR TR N T T T [ T S
0 2x10° 4x10* 6x10° 8x10* 1x10° 1.2x10°
H(Oe)
FIG. 1. Measured magnetic momemh£ MV) loops for H||c
after subtraction of the normal-state paramagnetic signal. Ihe

values increase from 0.03) to 0.35(e), andT/T.~0.83—0.84 for
all the data shown.

YBCO(7) exhibits at** temperature dependentélore an-
isotropic highT., compounds have lowed [ (t), and at low
temperatures tend to show deviations from power-law
behavior'®?° More precisely, an initial power law{, «t",
wheren=1-1.5, changes at low temperatures to a straight
line on a InH{,, versusT plot. For both highly anisotropic
Bi2223 and Bi2212H:,, =H, exp(—T/Ty) is observed at low
temperatures and over a wide rangeTd?! A similar in-
crease inH{;, above an initial power-law dependence was
found for oxygen-deficient YBCO as wéfl, indicating a
similar exponential form oH;, at low temperatures. In gen-
eral, the lower values dfi;,, for the more anisotropic high-
T. systems allow larger and different regions of thg, (T)

line to be investigated. As an illustration of this, in Fig. 2 we
showH;;, for the two limiting cases of our workd=0.03(a)
and 5=0.35(b). The solid lines are fits to the power le@ FIG. 3. Irreversibility linesHf, vs (1-T/T,) on a log-log plot,
and the exponential lab). As mentioned before, the law for all 5 values investigated. The straight linkl$ (1 T/T,)#* are
Hf:, «t*3 has a natural description within the framework of drawn through regions where there is satisfactory@Dscaling of
3D XY fluctuation theory, while the exponential dependencenhe reversible magnetization. The valuedf decrease monotoni-
has often been observed in Josephson-coupled layered higtelly from 1225 kOe to 80 kOe a8 increases from 0.03 to 0.35.

0.01 0.1 1

1-T/T
[
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effects of flux creep during the slower ZFC and FC tempera-
ture sweeps. Namely, the flux-line lattice is formed at
Hi(T), but because of flux creep on long time scales
Hi, (T) is significantly smaller thamd(T) when the tem-
perature is swept slowly in fixed fields. There is also some
evidence for melting anomalies a&=0.21 from changes in
slope of M(T) but they are not as sharp. It seems that
=0.15 (corresponding to an annealing temperature of
560 °C) is particularly favorable for observing melting be-
cause the twin structure is less well developed but the con-
densation energy is still large enough to give a clear
anomaly. The FC and ZFC data fé=0.15(and for 0.21—
not shown hereprovide direct evidence that, (T) ob-
tained from VSMM (H) sweeps at 200-Oe/s is almost iden-
tical to H:(T). However for§=0.35, where any changes in

M (Gs)
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c

c

slope inM(T) are only just visibleH;,(T) from the 200
Oe/s VSM field sweeps seems to be a factor of 2 less than
H:(T), probably because of even weaker pinning of the
flux-line lattice associated with the extremely low condensa-
tion energy.

The relationship betweed , andH,,, has been discussed
recently by Willeminet al?> who also found that the mea-
surement procedure has an important effect. By applying a
small additional ac fielH,. in their magnetic-torque mea-
surements they have shown thdy, is essentially equal to
H,, atH,.=0 and drops well below,, whenH_.#0. The
effects of their ac field and our slow ZFC/FCsweeps on
H;, have the same physical origin. In their case, vortex
creep is enhanced by shaking the vortices out of their pin-
ning sites with an ac field, whereas in our case there is sig-
nificant creep when a fixed field is applied for a long time.

FIG. 4. (8) Examples of “melting” anomalies in the reversible They also find thaH;,, ~H, when the vortex creep is sup-
magnetizationM (T) for H|lc and §=0.15. Open symbols, ZFC pressed and that;,, <H., when it is not, as well as the 4/3
data(warming; closed symbols, FC dataooling. (b) Comparison ~ power law whenH~H;, . These two independent and
of HE,(T), H3(T) for §=0.15[both derived from VSMM (H) complementary approaches both lead to the conclusion that
loops at 20—200 Oefswith melting anomalies such as tho&s. H,, andH,, are the same in YBCOnlyif there is negligible
H{, (T) data from ZFC and F®(T) curves are also shown. They vortex creep on a time scale of the measurement. For very
fit the n=1.5 power law while the other data all fit=4/3. low condensation energies it is probable that only quite rapid

measurements would givd,,~H;,, .

law H{, =Hg exp(—=T/Ty) give T./T, values of 3.3 and 4.1
andH values of 570 and 279 kOe, respectively, which are
only a factor of 2 or 3 larger than the corresponding values of
H* (280 and 80 kOe, respectivelyThus the overall conclu- For H|c the appropriate coherence lengthés,, while
sion thatHS, falls strongly withd is valid both in the power-  for H||ab the coherence scale i§,¢) Y2< &,p,. This means
law region nearT, and the exponential region well below that in an anisotropic 3D picture characteristic properties for
T.. Hllc and H|lab, such as lines in théi-T diagram, should
scale with the anisotropy parameter §gb/§2 and are ex-
pected to be higher foH|ab than forH|c. In the case of
HE, (6=0.03), with well-defined*? behavior, in the critical
For the measurements with=0.15 andH||c there are region we expeétHS, «&,2. As discussed in Sec. IIl E, 3D
well-defined anomalies in the reversible regions of the ZFCXY scaling forH|ab introduces the scaling variable of the
and FCM(T) plots, some of which are shown in Figiat  free-energy density ag=H§&,,é./Po, and the ratioy;,,
These are thought to mark the melting liR,(T) and, as  =H2/HS, is only expected to be exactly equal to the an-
shown in Fig. 4b), they agree extremely well with the values isotropy parametely if both HS, and H2" occur at fixed
of Hi;, (T) determined from closure of the (H) loops taken  points of the 3DXY magnetization plots. However, if the
with the VSM and also obey a 4/3 power law. However, thereversible-magnetization data collapse on to aX3Dcurve
values ofHj;, (T) obtained from closure of the FC and ZFC of a reasonably small width and if the broadeningHbf,
M(T) curves are 20—40 % lower and fit an=1.5 power around a fixed point is reasonably small for the both field
law better tham=4/3. We attribute these differences to the orientations, theny,,, should still be a good estimate of

D. Anisotropy in the irreversibility lines

C. Relationship betweenH{,, (T) and the melting line HE,(T)
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FIG. 5. Irreversibility linesHE, (H|c) and H3%/y,, (H|ab) =
for the two limiting values ofs. The other irreversibility lines are
intermediate between the two extremes shown, with changing 1x10° T=910K J4x10°
) . - - 72,74,76,78,
monotonically from 5.0 to 9.5 a& increases from 0.03 to 0.35. 80.82.84.86 K
i -5
In Fig. 5 we showH¢, andH2%/y;, for §=0.03 ands 2110 0054 <t<0.21 -8x10
. =ZX -
=0.35 plotted against on a log-log plot. The data for the ©

other oxygen concentrations lie in between theses two ex
tremes. SincédS, andH2P do not have exactly the sante
dependence, there is an uncertainty of at |eaBt3 for each H/(1-T/T )4/3 (Oe)
virr (). This analysis shows thay;,, increases smoothly c

from 5 .(5: 0.03) t0 9.5 6:.0'35) asé increases, that is by FIG. 6. 3D XY scaling of the measured magnetizatioll (
approximatelya factor 2 while H* decreases by more than —m/V). (8 5=0.03,H|[c. This result was known previousljRef.
a factor of 10[1225 kOe ¢=0.03) to 80 kOe §=0.35)]. 4). (b) 5=0.03,H|ab. The characteristic structure of 30Y scal-
ing is clearly visible, although the range of analysis is restricted to
E. 3D XY scaling a narrow region in théd-T plane.(c)—(f) 0.08< §<0.35 andH||c.

The f d . f ductor i The & values argc) 0.35,(d) 0.21,(e) 0.15,(f) 0.08. The tempera-
| Ne free-energy ensitf, of a supercon uctor in a mag- ¢ ranges where 3B Y plots show satisfactory quality are indi-
netic field in the presence of thermodynamic fluctuations can ;4.

be written a&>?*

10°

CkaT [HE2 perature range and also the corrections for the normal-state

- 8 ¢ i tibility and tic i iti ig-

fo=f,— ——G| =—|, (1)  Spin susceptibility and paramagnetic impurities are more sig
Ve @, nificant.

In Figs. §a) and Gb) we show the 3DXY scaled magne-
tization curves fors=0.03 for bothH|c (a) andH|ab (b).

The results in Fig. &) were shown previousl{and we plot
them again for completeness. We note the characteristic
structure of 3DXY scaling shown in Fig. @), for H|ab,
which justifies the prediction of Ed2).

In Figs. 6c)—6(f) we show the 3DXY scaled magnetiza-
tion curves for the otheb values, withH|c. Taking into
account the uncertainties in the normal-state paramagnetism

Mab,c:_ CkgT 2 mentioned in Sec. Il, there is good 3KY scaling of the

H /2 qyg/z ab.c: reversible magnetization for all curves in the region 0.07

<t<0.15-0.2. However a$ is increased the scaling breaks

where ;= yG'(y)/y"% Tap=v Y2G'(y/y)/(y/y)". For  down at certain values df (0.05 for 5=0.15 and 0.07 for
the 3D XY universality classy=H(£2,)%/®qt?", and v 6=0.35). As discussed in connection wikh,, (t) in Sec.
=2/3 is the appropriate critical exponent for the temperaturéll B, this probably represents different physi@n exponent
dependence of the coherence lengths. Thus, theoreticalty=1). It is interesting to note that a relatively broad 3IY
speaking, in the critical region it is possible to observe scaledcaling region has been obser¢efbr extremely 2D Bi2212
M/THY2 versusH/t*? curves not only foiH||c but also for  crystals forH|c in the range 0.04t<0.24, but with a dif-
H|lab. The results foH|/c can be discussed with more cer- ferent scaling function.
tainty, because the stiffness of the systemHdab means To conclude this subsection, the results we presented
that the reversible region occurs over a much smaller temshow that for YBCO(7—6) thermodynamic fluctuations of

where f, is the normal-state free-energy densif/,a con-
stant of order unity,VC=§§b§C a T-dependent correlation
volume, ¢ a coherence scale, ard an unknown scaling
function. ForH|lc, £€=¢,,, and forH|ab, &= (£.péc)Y2
Taking the first derivatives with respect kb gives the fluc-
tuation magnetizationsl ,p, . (Where subscripts denote direc-
tions of the applied magnetic fietd
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FIG. 7. (a) Log-log plots of the 3DXY scaled magnetization
(M=m/V) curves shown in Fig. 6 foH||c. Note the extended
regions of slope—1, showing that over much of the reversible
region the scaled magnetization is proportional tp, Wherey is
the 3DXY scaling variableH ¢, . (b) Scaled 3DXY plots accord-

CHANGES IN IRREVERSIBILITY LINE, . ..

104}

91.3
93.2 |
91

83.7

108

10° | N

91.3

93.2

91

83.7

4 614 7

£= 8, O/E,6=0) ]

> x + O

108

107

2H/(1-T/T 0)4/ 3 (Oe)

703

Eq. (2) this implies thatG’ (y) =y~ Y2 and that the dominant
field-dependent contribution 6 (y) is <y From Eq.(1)

this gives
CkgTy [H
fs_fn_F(T)+ §2 301

ab

)

whereF(T) is essentially field independent. If the constant
C=~1, then the field-dependent contribution to the free-
energy density in Eq3) is equal tokgT in the characteristic
volume &,,E.N/®o/H. The corresponding form of the mag-

netization is
V= CkgTy [ 1
¢ 282, VoM’

Taking the constant to be slightly more than unitgl.5),
£2,=12.6 A [corresponding to a coherence volungg,)®/ y
of 400 (A)2 for YBCO(7) [Ref. 4] together with the mea-
sured value ofy;,, =5, leads to values oM (T,H), which
are in remarkable agreement with the experimental ¢ata
within a few percentbetweenH[, and 2, . For higher
values of 4, the field range where there isylbehavior is
much wider as shown in Fig. 7, and in order to account for
the magnitude ofM(H,T) in terms of Eq.(4) (using the
measured values of;,,) the ab-plane coherence Iengﬁgb
must increase withs by a factor of 2.5 fromé=0 to §
=0.35 as shown later in Table I. Preliminary measurements
of the fluctuation magnetization aboVg for the same crys-
tal provide support for this scenario in that the results are
consistent with such changes ), with 6. Furthermore, as
also shown in Table I, these valuesidf, are consistent with

4

ing to Eq.(4). The vertical scaling factor is the measured anisotropythe productHi(O)(fgbf/SmTc being approximately con-
virr and the horizontal one is¢f,)2. Both parameter values are stant as expected for critical fluctuations described by the 3D

given in Table I. TheH{, values scale adequately except @®r
=0.35 probably because for this value &f H{,

lower thanH,, as mentioned in Sec. Ill C.

is a factor of 2

XY model? This product is in fact the condensation energy
in a coherence volume d@t=0 measured in units df;. Itis
surprisingly small, ranging from 0.15-0[23. In summary,
the form of Eq.(4) should provide an important clue towards

the 3D XY class play an important role above and aroundunderstanding the so-called “vortex liquid” phase.

H;,, , for both H||c andH||ab.

G. Resistivity anisotropy

F. Form of 3D XY scaling plots Resistivity measurements provide information about the

It is informative to look at the form of the various 30Y  anisotropy independently of magnetization measurements.
plots for H||c shown in Fig. 6 in more detail. This has been The most widely used expression for the anisotropy param-
done by making the log-log plots shown in Fig. 7. Surpris-eter is the square root of the resistivity ratio, i.@es
ingly, all these curves show aylbehavior that in several =(p./pap)Y? [the subscripts denote the resistivities perpen-
cases extends over more than one decade In terms of dicular(c) and parallel to the planesb)]. In the anisotropic

TABLE I. Summary of various parameters measured or derived in the present work. All symbols are
defined in the text except fd€, which is equal td—|§(0)(ggb)3/87ryirrTC and is expected to be constant in
a 3D XY critical fluctuation picture.

B) To (K)  HZ0)(kOE)  H* (KO) v  Yres  £on(9)/€0p(3=0)  K(Kg)
0.03+0.02 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 8%6 430 7.2 5.40 1.45 0.23
0.21 83.7 3&7 280 8.0 6.70 1.90 0.22
0.35 61.4 14 80 95 8.05 2.45 0.20
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20 FIG. 9. Anisotropiesy;es=(pc/pan)*? found from the resistiv-
F ity curves in Fig. 8.
151 at low temperatures because at this relatively high level of
I anisotropy, R, was too small to be measured below
= | ~100 K.
3 10| For the purpose of our present work the most interesting
E | guantity is the change in anisotropy with We define the
o resistivity anisotropyy,es= (pc/pap) >’ in the usual way, and
St the results are shown in Fig. 9. It is clear that is tem-
] perature dependent and that it increases with decreasing tem-
I 0.03 ] perature. The temperature dependence becomes weaker with
0 L1 | ST T T N T T T T T R R R N . . . . _
o 100 50 200 250 200 decreasing 8, ending finally in an almost temperature

independent curve fo6=0.03. We assign this behavior to
the presence of the normal-state gap in oxygen-deficient
FIG. 8. Resistivitiep,, (&) andp, (b) determined by the Mont-  samples? which probably has a stronger effect pg than
gomery method. Fos=0.35 the Montgomery resistan&g, could  pap and is therefore responsible for the temperature depen-
not be detected below-100 K and lower-temperature data are dence ofy,.s. The marked temperature dependence/Qf
missing. The geometry used for the Montgomery method is showmaises the question as to how it can be used to estimate the
in the inset to(a). anisotropy. Because of the existence of the normal-state gap,
we believe that the high-temperature valuesygf; give the
effective mass or the anisotropic Ginzburg-LanddGL) best measure of the band-s_tructure anisotropy. Indeed, at
model, the anisotropy in the superconducting state, i.e., thi?Om temperature all the anisotropy curves are reasonably
at with respect to temperature, including that #®0.35.

ratio of the coherence lengtl, and &;, equalsvy,.s de- ) .
fined above. In the case of untwinned YBCO crystals, the'tvr\1/aet ?totgnth:; t,rr]gmczagg;_méeaé)zgtg 8K)0§ én_ogesrg;ce Iétmg
resistivity p, along the conducting CuO chains is lower than 9 N ' o

the resistivity p, perpendicular to the chains, which intro interesting to note that it is the room-temperature resistivity
a , - :
duces a threefold anisotropy.However our samples are ANISOrOPY yres (290 K), rather thanye just aboveT that

twinned, and the measureg,, is an average op, and py, agrees with the anisotropy i, (Sec. lll D).
including some contribution of the twin boundaries as \&ll.
An appropriate method for measuring beihandp,y, is the IV. IRREVERSIBILITY LINES, ANISOTROPY, AND
Montgomery methotf that is based on measuring the resis- CONDENSATION ENERGY
tancesR;;=V;; /1y, wherei,j andk,| are four electrical _ ) _ )
contacts. Two of thentl,2) are made to the top surface of In this section we summarize results presented previously
the crystal platelet, and the other tw8,4) to the bottom, and establish connections betweefy, , the anisotropy, and
with thec axis perpendicular to the surface as sketched in théhe condensation energy. The specific-heat data from Ref. 12
inset to Fig. 8a). We applied this method to the sampié, give the § dependence of the condensation energy density
using a low-frequency ac current of 1Q0A. A consistency Hg(O)/S’ﬂ. Up to this point we have shown that the anisotro-
check was made using a second crystal with0.35, for  pies v, and y.es, in the irreversibility field and room-
which the results obtained agreed to within 10—15 %. temperature resistivity respectively, increase approximately
In Fig. 8@) we show our results fop,, and in Fig. &b) by a factor of 2, whileH;,, decreases by more than a factor
for p.. The results are in rather good agreement with pubof 10 whené increases from 0.03 to 0.35. We summarize
lished work®-2° although checks should be made for otherthese results in Table | and also in Fig. 10 where we plot
crystals before discussing details such as the pretide-  several important quantities as functions &)ng(O), H*
pendences op,, andp.. The data for6=0.35 are missing [Fig. 10@)], andT;, i, , and y,es [Fig. 1Qb)]. The com-

T(K)
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140 ; . ; — V. SUMMARY AND CONCLUSIONS
120k 1
100F There is experimental evidence that the strong decreases
805 ~°=H (0) 3 in both the irreversibility lineH;,, (T) and the melting line
. H.(T) with oxygen depletion are connected with the strong

reduction in condensation energy associated with the pres-
ence of the normal-state pseudod@fhe changes in the
. anisotropy derived from the ratio #12°/H¢, or the room-
o temperature resistivity are much smaller and this is sup-
(b) 390 ported by a previous magnetoresistance study of oxygen-
E depleted YBCO films that gave similar values for
480 HaP/HE 2% Our finding that there is an extended field region
3 in which the reversible magnetization falls lds *2 and has
. ] a magnitude corresponding to a free-energy densitlggdf
;S yls(zgox) v in the coherence volumé,,&.\V®o/H may help towards
" w2 ° 460 understanding the “vortex liquid” phase. Although there is
001 0203 o0 evidence that many features of the experimental data are

3 consistent with a 3DXY scaling picture involving critical
thermodynamic fluctuations we do not have any microscopic

icture for the nature of the “vortex liquid” phase. Other
(left-hand scalg and T, (right-hand scaleplotted versusé. The P L . 9 : p )
; > . . ) . scenarios in whichid;,, (T) andH ,(T) are directly linked to
condensation energy is obtained by integrating specific-heat da

U . )
from Ref. 12, while the other quantities are the results of the preserﬁ_“:J _O_Ut'Of'p!ane_ penet_rat'on depih(0) or to _thec'ax's re-
work. Note the similarity between the condensation energy and th&iStivity (which is the important parameter in a Josephson-
magnitude of the irreversibility linéi*, as well as the agreement coupling mode!®) might also account for the strong decrease
between the two measures of anisotroigih a scaling factor of in Hj;, with & shown in Fig. 10a). Namely, both direct
1.2. measurement$ and optical conductivity studiésshow that

)\ﬁ(O) increases by a factor of 30 fro#=0.03 to 0.35. In
parison ong(O) andH* reveals a striking similarity be- such models the normal-state pseudogap is still important
tween these two quantities, showing the close mutual relatiohecause of its effect oo axis transport. However, it is not
between the “strength” of superconductiviU—Iﬁ(O)] and clear whether such models can account for the variation of
the irreversibility lineH*, which is also a measure of the H&? with & or the various 3DXY scaling properties reported
resistance of the vortex solid to meltiigee Sec. IlIIC for here.
detailg. It is not the maximuniT, that determines the ther-
modynamic stability of the vortex solid, but the product of
the pair density and the energy per superconducting pair, i.e., ACKNOWLEDGMENTS
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