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Entropy, vortex interactions, and the phase diagram of heavy-ion-irradiated Bi2Sr2CaCu2O8¿d
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Dynamic and thermodynamic magnetization experiments on heavy-ion-irradiated single-crystalline
Bi2Sr2CaCu2O81d are correlated in order to clarify the nature of the mixed-state phase diagram. It is shown
that whereas the entropy contribution to the free energy in the London regime plays a minor role in unirradi-
ated crystals and irradiated crystals at fields close to or above the matching fieldBf , it becomes very important
at low fields in irradiated crystals with highBf . The direct determination of the entropy contribution to the
free energy from the reversible magnetization allows one to determine not only the correct values of the
pinning energy, but also to extract quite detailed information on pancake vortex alignment. The characteristic
field Hint;

1
6 Bf at which intervortex repulsion begins to determine the vortex arrangement and the reversible

magnetization is shown to coincide with a sharp increase in the irreversibility fieldHirr (T) and with the
recoupling transition found in Josephson plasma resonance. AboveHint , the repulsive interaction between
vortices causes both the vortex mobility to decrease and pancake alignment to increase. At higher fields
*

1
3 Bf@Bc1, free vortices outnumber those that are trapped on a columnar defect. This causes the decrease of

the c-axis resistivity and a second crossover of the irreversibility field, to a regime where it is determined by
plastic creep.
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I. INTRODUCTION

The remarkable influence of heavy-ion-irradiatio
induced amorphous columnar defects on the mixed-s
phase diagram and transport properties of layered super
ductors, and the interplay between the pinning of vortic
and coupling between the layers, has provoked a great
of interest.1–13 The effect of the ion tracks is twofold. Firs
the destruction of superconductivity within the columnar d
fect core, the radius of which is comparable to the superc
ducting coherence lengthj, leads to a large reduction of th
mixed-state free energy14–18 arising from the pinning of the
two-dimensional pancake vortices in the superconduc
layers19,20 by the columns. The reduction in free energy d
to pinning is readily measurable because it entails a sig
cant reduction of the reversible magnetizationMrev at fields
well below the matching fieldBf5F0nd and a nonmonoto-
nicity of ]Mrev /] ln B as a function ofB (F05h/2e is the
flux quantum andnd is the density of column intersection
with the layers!.14–16 The coincidence of the radius of th
columnar defect core with that of the vortex core implies
large pinning force21 and concomitantly large values of th
critical current density,5 as well as a large increase of th
field Hirr (T) below which irreversible magnetic response
measured.5 Second, the linear geometry of the ion trac
results in the effective alignment of the pancake vortic
PRB 610163-1829/2000/61~6!/4259~11!/$15.00
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along the tracks and the reestablishment of interlayer su
conducting phase coherence at temperatures and fields w
the unirradiated material behaves as a stack of nearly de
pled superconducting layers.4,7,22–25 The pancake vortex
alignment is manifest in the angular dependence of the tra
port properties of the irradiated superconductor,4,6 as well as
in measurements of thec-axis conductivity~perpendicular to
the superconducting layers! ~Refs. 9, 10, 26, and 27! and of
the field at which the Josephson plasma resonance occu
the range 24–45 GHz.11,12,28,29Measurements of the Josep
son plasma resonance and of thec-axis conductivity,26,27

which have the advantage of directly probing the Joseph
critical current and the cosine of the average phase differe
between layers, show the existence, in the heavy-i
irradiated layered superconductor Bi2Sr2CaCu2O81d , of a
regimeBl(T),B,Bh(T) in the vortex liquid state in which
interlayer superconducting phase coherence increases a
magnetic field is increased~i.e., a ‘‘recoupling’’!. This be-
havior is qualitatively opposite to that found in the unirrad
ated material. At fields greater thanBh , interlayer phase co-
herence again decreases as field is increased.

The peculiar field dependence of thec-axis electromag-
netic response, as well as that of the reversible—and eve
the irreversible part of the magnetization@below Hirr (T)#
~Ref. 13!—has been interpreted in terms of the competiti
between the Josephson coupling energy, which tends to a
4259 ©2000 The American Physical Society
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4260 PRB 61C. J. van der BEEKet al.
pancake vortices, and the entropy contribution to the f
energy arising from a random distribution of pancakes o
columnar defects.30 The importance of intralayer pancake r
pulsion is often downplayed, even though it has been sho
to be important in determining the pancake arrangemen31

reversible magnetization,14,31 and transport properties.31 It is
the purpose of this paper to investigate the importance of
contributions of intra- and interlayer pancake vortex inter
tion energy, entropy, and pinning energy to the Gibbs f
energyG and the impact of each on the phase diagram
heavy-ion-irradiated Bi2Sr2CaCu2O81d . To this effect, we
have performed reversible magnetization as well as
screening measurements on heavy-ion-irradia
Bi2Sr2CaCu2O81d with widely varying matching fields~Sec.
II !. From the analysis presented below~Sec. III A!, it turns
out that in the London regime, the entropy contribution to
reversible magnetization is rather insignificant with resp
to the total magnetization or its modification due to vort
pinning on the columnar defects. Only in irradiated cryst
with sufficiently highBf is it essential to take a configura
tional entropy contribution into account when describing
magnetization and, then, only at low fieldsB!Bf ~Sec.
III A 2 !. As a consequence, previous estimates of pinn
energies15,16,32determined from the reversible magnetizati
should be revised towards~sometimes significantly! lower
values. Next, it is shown how information on pancake alig
ment can be obtained from the reversible magnetization~Sec.
III A 3 !. The data allow for the extraction of the fieldHint at
which vortex repulsive interactions begin to determine
pancake vortex arrangement over the columnar defects.
field correlates very well with sharp features in the irreve
ibility line and, in some cases, with the ‘‘recoupling’’ ob
served in the JPR measurements andc-axis conductivity
~Sec. III B!.

II. EXPERIMENTAL DETAILS

A. Sample preparation

For this study, we have used Bi2Sr2CaCu2O81d single
crystals grown at the University of Amsterdam by the tra
eling solvent floating zone technique.33 A number of crystals
were postannealed at 800 °C in air and hadTc590.0 K.
Other crystals were retained as grown—this yields sam
that are lightly overdoped in oxygen, and that haveTc'83
K. Another batch of crystals, grown at the University of T
kyo using the same technique,34 had Tc588.8 K and was
used for the measurements of the irreversibility line for d
ferent matching fields. After growth and annealing, lar
crystals were selected for uniformity and absence of ma
defects, and subsequently cut using a wire saw, so a
produce small squares of typical size 8003800320 mm3,
suitable for magnetometry experiments. A number of lar
pieces (132 mm2320 mm) of the Amsterdam crystal
were kept for reversible magnetization measurements usi
commercial superconducting quantum interference de
~SQUID! magnetometer, as well as ac transmittivity me
surements. In this manner, a sizable number of crystals
similar characteristics was obtained.

The samples were irradiated with 5.8 GeV Pb ions at
Grand Acce´lérateur National d’Ions Lourds~GANIL ! at
Caen, France. Such an irradiation produces continuous a
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phous tracks of radiusc0;3.5 nm which traverse the
samples along their entire thickness. During the irradiati
the ion beam traverses a 1-mm-thick Ti film placed in front
of the sample; the secondary electron emission from this
is used to continuously monitor the ion flux during irradi
tion. At the beginning of each run, the ion flux is calibrat
using a Faraday cup placed between the Ti film and
sample. This procedure allows one to accurately control
total ion fluence for each sample. Moreover, the ion beam
continuously swept across the target using asynchronous
tical ~3 Hz! and horizontal~1 kHz! ac drive fields so as to
expose the entire target area (233 cm2) homogeneously.
Different crystals from each source were irradiated w
widely different ion fluences, in order to produce samp
with dose equivalent matching fields 0.02 T,Bf,4 T.
There was a slight reduction of the samples’Tc after the
irradiation. Notably, overdoped single crystals had aTc of 81
K and 78.7 K after irradiation to doses corresponding
Bf52 and 4 T, respectively. The crystals from the Unive
sity of Tokyo underwent a reduction ofTc of up to 4 K ~for
Bf54 T!.

B. ac shielding

The ac transmittivity35 was measured using the Local Ha
Probe Magnetometer, in the same way as described in
36. The sample was placed on top of a miniature InSb H
sensor; both were surrounded by an ac drive coil that co
produce fieldshac of up to 30 G~at frequencies 0.5 Hz, f
,2 kHz). The ac field was always directed parallel to t
samplec axis. This corresponds to the application to t
sample of an azimuthal electric fieldEf with gradient
r 21](rEf)/]r 52phacf (r is the radial coordinate!. The ac
Hall voltageVac was measured as a function of temperatu
and applied field Ha . From Vac , the first and third
harmonic components of the transmittivity are determined

TH~ f ,T![@Vac~ f ,T!2Vac~ f ,T!Tc!#/@Vac~ f ,T@Tc!

2Vac~ f ,T!Tc!#

and

TH3[Vac~3 f ,T!/@Vac~ f ,T@Tc!2Vac~ f ,T!Tc!#,

respectively. In order to determine the irreversibility fie
Hirr (T, f ) @or irreversibility temperatureTirr (Ha , f )#, the
transmittivity was measured using an ac field of amplitu
hac51 G and frequencyf 57.75 Hz.Tirr (Ha , f ) was taken
as the temperature at which theTH3 signal first becomes
distinguishable from the background noise when cooli
Given the size of our samples, this corresponds to prob
whether theE( j ) characteristic deviates from Ohm’s law
an electric field value of 0.6 nV cm21. In practice, the mea-
surement ofTirr is often limited by instrumental resolution
which can be estimated by comparing the signal at
screening to the noise level; it corresponds, for a sample
area 8003800 mm2, to a circulating shielding current den
sity of 43102 A m-2.
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C. Reversible magnetization

Measurements of the reversible magnetization were
ried out using a commercial SQUID magnetometer at
University of Leiden. Care was taken to avoid the numero
artifacts previously observed in such measurements. N
bly, we have found that the reported ‘‘clockwise
hysteresis37 is an artifact related to the use of a too restrict
length over which the sample is drawn through the SQU
gradiometer coils when the magnetic moment is small
scan length of 6 cm produced satisfactory results, wit
reproducible reversible magnetic moment at fields gre
than Hirr (T). However, it is well known that, as a cons
quence of the inhomogeneity of the field produced by
superconducting solenoid, measuring the magnetization
such a scan length at fields close too butbelow Hirr corre-
sponds to cycling the sample through minor magnetic h
teresis loops. The magnetic moment then results from
superposition of several ill-controlled shielding current loo
and can take on a value that is very different from that
pected from the ordinary full critical state. It thus prove
very difficult to accurately measure the magnetic mom
both aboveand below Hirr (T); for the present paper, w
chose conditions such as to obtain the most reliable res
aboveHirr (T), and to rely on the ac transmittivity measur
ments to obtain the screening current belowHirr (T).

III. RESULTS AND DATA ANALYSIS

A. Reversible magnetization

Figure 1 shows the reversible magnetization for an o
mally doped Bi2Sr2CaCu2O81d single crystal (Tc588.8
K!,38 irradiated with 1011 Pb ions cm22, which corresponds
to a matching fieldBf52 T. This value ofBf is comparable
to that used in previous studies,13–17and the reversible mag
netization shows all the features discussed there. Reca
lating, at low fieldsHirr ,Ha!Bf , the absolute value of the
magnetizationuMrevu decreases more or less proportiona
to ln(1/Ha), in agreement with the London model which h
Mrev'2(«0/2F0)ln(hBc2 /eB)[Mrev

0 . Here «0

5F0
2/4pm0l2(T), l(T) is the penetration depth,Bc2 is the

upper critical field, m054p31027 H m-1, h;1, and e
52.718 . . . . Throughout, the small magnitude ofMrev al-
lows us to takeB'm0Ha . The logarithmic decrease o
uMrevu terminates at the field labeledHint , whenceuMrevu
increases. WhenB*Bf , uMrevu decreases once again pr
portionally to ln(1/B), although the slope]Mrev /] ln B is
markedly higher than the slope at low fields. The logarithm
slopes in either limit are illustrated in Fig. 2, which show
]Mrev /] ln B as a function of temperature for the same cr
tal: for fieldsB!Bf the logarithmic slope lies markedly be
low that measured forB.Bf ; also, it goes to zero at a
temperatureT1* that is lower than the temperatureT2* at
which ]Mrev(B.Bf)/]B goes to zero. BothT2* and
]Mrev(B.Bf)/]B are very similar to the correspondin
values measured in the unirradiated crystal.15 In both cases,
unirradiated crystals and irradiated crystals in the high-fi
limit, one can use the London model39,40 to extract the value
of the penetration depth from]2Mrev(B.Bf)/]T] ln B5
2«0(0)/2F0Tc , an exercise which yieldsl(0)5180630
nm. The corresponding value of the London penetrat
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depthlL(0)'1.35l(0)'240 nm is in good agreement wit
literature values for optimally doped Bi2Sr2CaCu2O81d .41

The error@of less than 20%~Ref. 42!# arises because of two
reasons. First, the presence of the normal cores of the co
nar defects decreases the supercurrent density around
vortex and the strength of intervortex repulsion. This effe
can be taken into account by a ‘‘renormalized’’ valu
l̃22(T)5(122pc0

2nd)l22 and corresponding «̃0

5F0
2/4pm0l̃2 and M̃ rev

0 5 «̃0/2F0 ln(hBc2 /eB).14 More im-

FIG. 1. ~a! The reversible magnetization of a heavy-io
irradiated optimally doped Bi2Sr2CaCu2O81d single crystal (Bf

52 T, Tc588.8 K!, for temperaturesT570, 74, and 78 K. The
drawn lines represent fits to Eq.~2! with parameter valueslL(0)
5240 nm @l(0)5180 nm#, ]Bc2 /]T521.05 T/K, and U0s

;1.5«̃0s'1300(12T/Tc) K. Arrows indicate the field below
which the ac transmittivity has a nonzero third harmonic (Hirr ) and
the interaction fieldHint above which vortex interactions influenc
the vortex arrangement.~b! (F0s/kB50.23 K m/A! times the dif-
ference between the measured magnetization and the theor

magnetization in the absence of columnar defect pinning,M̃ rev
0

@corrected for the reduction in superfluid density expressed

l̃22(T)5(122pc0
2nd)l22#. In the limit B!Bf , the plotted data

correspond exactly to the sum of pinning energy and entropy
pancake vortex. Horizontal dotted lines correspond to thebarepin-

ning energyU0s5U0(0)s(12T/Tc)
2, with Ũ0(0)s54000 K. This

corresponds to the parameter value obtained in Ref. 18, corre

for the changel→l̃. The drawn lines show the logarithmic ex
trapolation of the low-field data which permit the determination
the lengthLa over which pancakes belonging the same vortex l
are aligned on the same column and the factorb describing the
fraction of available columns~see Sec. III A 3!. For T570 K, the
low-field data obeyU0s1T ln(bBf /B)—i.e., the typical stack
lengthLa is close to the interlayer spacing; for larger temperatu
the prefactor to the logarithm is, unexpectedly, somewhat less.
interaction fieldHint of ~a! is determined as that where the data fi
deviate from a logarithmicHa dependence.
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portant, the presence of thermal fluctuations was predicte
lead to a substantial entropy contribution to the free ene
reflected by an extra term:43

]2Mrev

]T] ln B
5

]2Mrev
0

]T] ln B
2

kB

F0s
. ~1!

Here, s'1.5 nm is half the c-axis parameter of the
Bi2Sr2CaCu2O81d material~i.e., the distance between CuO2
bilayers!. From the valuekB /F0s54.4 A m21 K21, we see
that the ~constant! contribution of the entropy term43 can
amount to 20% of the temperature derivative
]Mrev /] ln B, at most.

The nonmonotonic field dependence of the revers
magnetization has a straightforward explanation in terms
the lowering of the vortex free energy by pinning onto t
columnar defects.15,17 The magnetizationMrev52]G/]B
52F0

21]G/]nv[2F0
21m, with nv the vortex density, cor-

responds to the vortex chemical potentialm and therefore
directly measures the energy needed to add a vortex to
system when the field is increased. At low fields many
lumnar defects are available, so that each and every
vortex can gain a maximum energy per unit lengthU0 by
becoming trapped in the defect potential; correspondin
Mrev;M̃ rev

0 1U0 /F0. The pinning of a vortex on an insu
lating columnar defect entails the redistribution of the sup
current towards the vortex periphery, lower maximum c
rent on the vortex core boundary, and a smaller intervor
repulsion. More vortices can therefore enter the sample
fixed magnetic field; hence the absolute value of the mag
tization is smaller. However, it is still expected thatMrev
} ln(1/B) in this regime.14,15,44 At high fields m0Ha.Bf
nearly all columns are occupied, new vortices cannot
trapped on a defect, and henceMrev'M̃ rev

0 , close to the
magnetization of an unirradiated sample in the Lond
regime.15 In the intermediate-field region,m0Hint,m0Ha
,Bf in Fig. 1~a!, new vortices can become either trapped
free. The proportion of trapped vortices decreases as
increases, leading to the increase ofuMrevu.

FIG. 2. Logarithmic slopes]Mrev /] ln B for the same crystal as
in Fig. 1, determined in the limitsB.Bf52 T andB!Bf , respec-
tively. The drawn lines indicate the magnitude of the theoreti
entropy contribution in the 2D limit,kBT/F0s, and the prediction

of the London model,Mrev
0 5 «̃0/2F0.
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1. Role of intervortex repulsion

The magnetization in the intermediate regime has b
estimated in Ref. 14 by considering that the gain in pinn
energy for occupation of a particular column should be lar
than the loss in energy due to intervortex repulsion whe
vortex is moved from its lattice site to the columnar trac
assuming a Poisson distribution of distances between tra
this gives

Mrev'M̃ rev
0 2U0F12S 11

U0

«̃0

Bf

B D e2(U0 / «̃0)(Bf /B)G .

~2!

In spite of its simplicity, it is possible to obtain acceptab
fits to the experimental data atHa*Hint using this expres-
sion @see Fig. 1~a! and Ref. 32#. In the figure we have used
]Bc2 /]T521.05 T/K ~Ref. 18! and l(0)5180 nm as de-
termined above. However, for a faithful fit to the peak stru
ture of uMrevu one should assumeU0 / «̃0 to be in excess of
unity; for example, at 70 K,U0 / «̃051.5 in Fig. 1. Such large
values ofU0 were also found in Refs. 16 and 32; they a
incompatible with the theoretical expectation for electroma
netic pinning of vortices,32,45,46 U0'«̃0 ln(c0 /A2j), since
they would imply that the column radiusc0 exceeds the co-
herence lengthj52.2(12T/Tc)

21/2 nm by a factor of 5–6.
In Ref. 18, it was found that pinning of the vortex core dom
nates over electromagnetic pinning in heavy-ion-irradia
Bi2Sr2CaCu2O81d at all temperatures. Then, U0
'«0(c0/2j)2, yielding c0'2.3j(0). This value is still
somewhat high, which shows that the actual pinning mec
nism is more complicated than simple core pinning. Ho
ever, note that even so the magnetization data at fieldsHa
!Hint lie much above the theoretical curve.

We thus find that a description that only takes the d
crease of the internal energy due to the localization of
vortices on the columnar defects into account is insuffici
to describe the large decrease of the low-field magnetiza
at largeBf . The fact that the low-field logarithmic slop
]M /] ln B is much smaller than that predicted by Eq.~2!
indicates the presence of an extra contribution to the f
energy that has a logarithmic dependence; ln(1/B).

2. Role of entropy

In this section we examine the importance of a possi
entropy contribution2TS to the free energy. Such a contr
bution may arise from vortex positional40,43,44and order pa-
rameter amplitude fluctuations.40,47,48The entropy contribu-
tion to the free energy is believed to be important in laye
superconductors because of the ‘‘crossing point’’ behav
observed in the reversible magnetization atT1* and
T2* .13,15,49,50Supposing that a description in terms of th
London model is appropriate and, hence, that vortex p
tional fluctuations give the dominant contribution toS, it was
derived in Ref. 43 that the crossing point arises in the un
radiated material when the field dependences of the
terms contributing toMrev ,

Mrev
un 5Mrev

0 1
kBT

F0s
lnS B0

B D , ~3!

l
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with derivative

]Mrev
un

] ln B
5

«0

2F0
2

kBT

F0s
, ~4!

cancel atT* 5Tc /@112kBTc /«0(0)s#. Here B0 is a field
determined by the elemental phase area;40,43 the fraction
B0 /B corresponds to the total number of possible sta
~‘‘configurations’’! per vortex. In two dimensions~2D!, B0
'Bc2.40 In heavy-ion-irradiated layered superconducto
Eq. ~3! should be modified: the full result can be found
Ref. 44, but the limiting forms forMrev are

Mrev'M̃ rev
0 1

U0

F0
1

kBT

F0s
lnS Bf

B D ~B!Bf!, ~5!

Mrev'M̃ rev
0 1

kBT

F0s
lnS B0

B D ~B@Bf , U0→0!. ~6!

These are again valid in the 2D limit where the positions
pancake vortices in neighboring layers are uncorrelated.
logarithmic field dependence of the second term of Eq.~5!
now depends on the number (;Bf /B) of columnar defect
sites available to each pancake vortex.

In order to estimate the importance of the entropy con
bution to the experimentally measured magnetization, we
turn to the temperature dependence of the logarithmic slo
]Mrev /] ln B in Fig. 2. Note that, according to Eqs.~3!–~6!,
]Mrev /] ln B is equal to the difference between two lar
terms:

]Mrev

] ln B
5

]M̃ rev
0

] ln B
2

kBT

F0s
. ~7!

However, these terms have very different temperature
rivatives, equal to2 «̃0(0)/2F0Tc and 2kB /F0s, respec-
tively. The ratio between the temperature derivatives is eq
to 2Gi1/2, whereGi is the 2D Ginzburg number that dete
mines the regime of reduced temperaturet(T)5(Tc
2T)/Tc over which the entropy contribution to the free e
ergy is dominant. For optimally doped Bi2Sr2CaCu2O81d ,
2kBTc /«0(0)s'0.19, i.e.,Gi'0.01; for our overdoped ma
terial, Gi'0.003. The value 0.19 means that the error in
l̃(0) value deduced from the reversible magnetization, a
ing from an entropy contribution to the free energy, can
exceed 19%~11% for the overdoped crystals!. Inserting the
experimentall̃ value back intoM̃ rev

0 , and comparing the
result to the full measured magnetization, we find that
B@Bf as well as for unirradiated crystals,49 the entropy con-
tribution to ]Mrev /] ln B does not exceed 0.1kBT/F0s ~see
Fig. 2!. This excludes an interpretation of the crossing po
in terms of quasi-2D vortex positional fluctuations only: f
example, Eq.~3! would lead toT* 575 K. More generally,
vortex translational degrees of freedom do not lead to a
jor modification of the magnetization of unirradiated cryst
~or irradiated crystals at fields aboveBf) in the London re-
gime. The entropy contribution to the free energy only sta
to be important in the critical fluctuation regime.

With respect to this, we note that the analysis of Ref.
has demonstrated that the crossing point in unirradia
Bi2Sr2CaCu2O81d crystals indeed lies in the regime of~2D!
s
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critical fluctuations. An adequate description, valid forB
. 1

3 t(]Bc2 /]t)T5Tc
, was obtained in Ref. 48 by expandin

the order parameter in terms of lowest Landau level~LLL !
eigenfunctions. The expression forMrev derived in Ref. 48
@which also predicts]Mrev /] ln B→«0/2F0 for t@t(T* )#
well describes the experimental data for both unirradia
Bi2Sr2CaCu2O81d ~Ref. 48! and irradiated Bi2Sr2CaCu2O81d
above the matching field.15 In Fig. 2, theB@Bf data lie
outside the London limit forT*80 K, and within the LLL
regime for T*84 K. An interpretation of the field-
independent magnetization atT2* in terms of vortex posi-
tional fluctuations~order parameter phase fluctuations! only
is thus inappropriate.

The situation is totally different forB!Bf , at which one
has a significantly larger valueTS*0.3kBT/F0s. This
means that the introduction of many extra possible~colum-
nar defect! sites within a vortex lattice unit cell leads to
large~configurational! entropy contribution. Moreover, a de
scription in terms of the London model will turn out to b
adequate in this field regime.

3. Interlayer coupling: Dependence on matching field

The small entropy contribution to the reversible magne
zation for B*Bf suggests that even in the vortex liqui
significant positional correlations remain between vor
pancakes in adjacent layers. In that case,S is reduced with
respect to its value in the 2D limit: the alignment of pancak
in different layers means that the relevant entities are sta
~of length La) comprising several pancakes. The entro
contribution in the regimeB!Bf where all pancakes ar
trapped by a column can be estimated asTS5kBT ln W
5kBT ln Nc

Ls /La , with Nc[bBf /B the number of columns
available to each stack of pancakes,Ls the length of the
sample in the field direction, andLa the lengthic over which
the pancakes are aligned on the same columnar track.
number 12b is the fraction of columns that is inaccessib
due to intervortex repulsion. In the quasi-2D limit,La5s,
but in generalLa can be estimated from the balance betwe
elastic energy and thermal energy:«̃1F0 /BfLa;kBT ( «̃1

'«̃0 /g2 is the line tension andg the anisotropy parameter!.
Hence the entropy contribution per unit lengthTS

5kBT ln Nc
LsndkBT/«̃1 and the magnetization51

Mrev5Mrev
0 1

U0

F0
1

kBT

F0s S kBT

«̃0s
D Bf

Bcr
lnS bBf

B D ~8!

5Mrev
0 1

U0

F0
1

kBT

F0s

s

La
lnS bBf

B D ~Bf,Bcr«̃0s/kBT!.

~9!

The crossover fieldBcr[F0 /(gs)2 delimits the~low-field!
regime where tilt deformations of the vortex lattice wi
wave vector;4p(B/F0)1/2 are more difficult to excite than
shear deformations with a similar wave vector, from t
high-field regime where the inverse is true. The contribut
TS adds a supplementary logarithmic dependence onB at
low fields, in agreement with the difference between the
perimental]Mrev /] ln B observed atB!Bf and B.Bf ,
respectively@see Fig. 1~a!#.
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In Ref. 13, it was claimed that the maximum inuMrevu
can be nearly entirely explained by the reduction inTS,
caused by pancake alignment~‘‘recoupling’’ ! and the con-
comitant decrease ins/La . This claim can be tested by usin
Eq. ~9!, which permits a direct estimate of the correlati
length La . Starting from the values of]Mrev /] ln B deter-
mined above, one would haveLa&s/0.3'3s for m0Ha
!Bf52 T andLa*10s for m0Ha*Bf , similar to the value
La'15s recently obtained by Morozovet al.27 and in quali-
tative agreement with the assumption of Ref. 13.

A more stringent approach is to consider the depende
of Mrev on matching field, i.e., the dependence on the nu
ber of available states. Figure 3~a! shows the magnetizatio

FIG. 3. ~a! Reversible magnetization of lightly overdope
Bi2Sr2CaCu2O81d at T/Tc50.89, for matching fields 0.2 T,Bf

,4 T. The critical temperatureTc'83.1 K, except forBf52 T
(Tc581 K! andBf54 T (Tc 5 78.7 K!. The drawn lines through
the data points forBf50.2 and 0.5 T represent fits to Eq.~2! with
parameter valuesl(0)5140 nm andU0s5120 K; the dotted lines
are guides to the eye, representing the magnetization in the irre
ible regime.~b! F0s/kB times the difference between the measur
magnetization and the theoretical magnetization in the absenc

columnar defect pinning,M̃ rev
0 @corrected for the reduction in su

perfluid density expressed byl̃22(T)5(122pc0
2nd)l22#. In the

limit B!Bf , the plotted data correspond exactly to the sum
pinning energy and entropy per pancake vortex. The drawn l
show thebarepinning energy per pancake vortexU0s ~correspond-
ing to the low-field limit of theBf50.5 T data!, and, forBf>1.0
T, U0s plus the configurational entropy contributionTS
'(kBT/F0s)ln(bBf /B) arising from the possibility of individual
pancake vortices to occupy different column sites. The fractionb
'1/2 can beextracted from the intercept with the horizontalU0s
line, and is indicated by the bold arrows. The fieldsHint where
intervortex interactions begin to influence the magnetization can
determined as the field of first deviation from a logarithmic fie
dependence and are indicated using the thin arrows. Dotted line
guides to the eye, indicating data in the irreversible regime.
ce
-

of a series of lightly overdoped Bi2Sr2CaCu2O81d crystals
@Tc'83 K, l(0)'140 nm#, irradiated to different ion flu-
ences corresponding to matching fields ranging between
T and 4.0 T. The figure shows that there is a large dep
dence of the low-field magnetization on the density of c
umns, which irrevocably indicates the importance of the c
figurational entropy contribution toMrev in that regime.
Namely, if S were zero, the low-field limits ofMrev would
have been equal toMrev

0 1U0 /F0, independent ofBf @see
Eqs.~2! and~5!#. Furthermore, the data atBf>1 T confirm
the extra logarithmic field dependence~8! for B!Bf . For
the crystal withBf50.5 T, the low- and high-field limits of
]Mrev /] ln B are nearly equal, implying that at this temper
ture, the entropy contribution to]Mrev /] ln B lies within the
error bar of 0.1kBT/F0s found in Sec. III A 2~see also Ref.
17, Fig. 3!. Hence, for this matching field and temperature
follows from Eq.~9! that pancakes are aligned into stacks
length La*10s over the entire considered field range.
means that for low matching fields it is allowed to ignore t
entropy contribution. One can then confidently determ
U0s from the difference between the measured magnet
tion and the low-field limit ofM̃ rev

0 .18,53 Inserting the ob-

tained valueU0s'120 K ~for «̃0s'160 K at 74 K! back into
Eq. ~2! yields good fits to the data forBf50.2 and 0.5 T, as
shown by the drawn lines in Fig. 3. Such fits are not poss
at higherBf due to the increasing importance of the entro
contribution, which, even atBf51 T, already accounts fo
half the change of the low-field reversible magnetizati

FIG. 4. In-phase fundamental transmittivityTH8 ~a! and third-
harmonic amplitudeuTH3u ~b! measured on an optimally dope
Bi2Sr2CaCu2O81d single crystal (Tc590.0 K!, irradiated with 5.8
GeV Pb ions to a matching fieldBf50.5 T. The measuremen
frequency was 7.753 Hz and the ac field amplitudehac56 Oe. dc
field values are as indicated.
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with respect to that of an unirradiated crystal. The deter
nation of a ‘‘pinning energy’’ from the difference betwee
the low-field data and the extrapolation to low fields of t
data forB@Bf can then introduce an error of more than
factor of 2.

The parametersLa and b can, in principle, be directly
evaluated by subtractingM̃ rev

0 from the measured magnet
zation. This procedure yields a quantity that at low fields
rigorously equal to the sum of the pinning energy per p
cake vortex and temperature times entropy@Fig. 3~b!#. The
low-field limit of the Bf50.5 T data corresponds to the ba
pinning energyU0s—this value is indicated by the horizon
tal line in Fig. 3~b!. The results for the crystals withBf>1 T
exceedU0s at B!Bf because of the entropy contribution
the free energy. From the logarithmic field derivative and
extrapolation toU0s we find that, atT/Tc50.89, La(B
!Bf)'s andb' 1

2 , independent ofBf . Thus, the magne
tization at low fields andBf>1 T is well described by

Mrev5M̃ rev
0 1

U0

F0
1

kBT

F0s
lnS Bf

2BD , ~10!

as illustrated by the drawn lines through data in Fig. 3~b!.
The first deviation of the experimental data from these lin
as the field is increased, at the ‘‘interaction field’’Hint , in-
dicates that both configurational entropy and the total p
ning energy start to decrease due to the effect of vortex
teractions. Entropy decreases because of the limitation
accessible column sites, which is the consequence of in
plane pancake repulsion; it can be expressed by a dimin
ing b; the translational invariance of the system along
column direction and the attractive interaction between p
cakes in adjacent layers will then lead to pancake vor
alignment and the supplementary decrease ofS through the
increase ofLa . The total pinning energyUp can only go
down appreciably if free~or ‘‘interstitial’’ ! vortices, not
trapped on a columnar track, start to appear, again as a r
of intraplane pancake repulsion which prohibits certain v
tices from finding a favorable column site. From Fig. 3, it
seen that nearHint , the pinning energy~obtained from the
Bf50.5 T data! and the entropy contribution to the fre
energy are comparable in magnitude whenBf*1 T; hence
bothcontributions should always be taken into account wh
describing the shape of theMrev(B) curve.

We have attempted to carry out the same analysis
constant matching fieldsBf50.5, 1, and 2 T, and differentT
@see Fig. 1~b! for Bf52 T#. In this case, the problem arise
that the bare pinning energy cannot easily be establishe
was therefore chosen to take the result of Ref. 18~where
Bf50.5 T!, U0(T)5U0(0)(12T/Tc)

2 for core pinning,
and to correct the valueU0(0)54300 K obtained there fo
the larger density of columns in those cases whereBf.0.5
T. The difference between the low-field data and these
ues, represented by dashed lines in the Fig. 1~b!, again cor-
responds to temperature times the configurational entro
For Bf51 and 2 T, it is found thatTS(B5bBf /e)'T,
indicating thatLa's. The logarithmic field dependence
T574 and 78 K, as well as the magnitude of the logarithm
slopes, also agrees withLa /s'1 –2. However, since the
logarithmic slopes should, in the representation of Fig. 1~b!,
be equal toT, the predicted temperature dependence is
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well obeyed. In fact, for the data atT570 K it is difficult to
identify any substantial field range over whichTS
} ln(1/B). This is in contrast to data forBf50.5 T where a
low-field logarithmic dependence can be identified at all
vestigated temperatures.17,18 Hence, accurate values forHint
can be determined only for smallBf ~see Fig. 5 forBf
50.5 T!. At low Bf , the entropy contribution to the fre
energy is unimportant. The interaction field then delimits t
low-field regime where vortices are pinned independently
the columnar tracks, from the high-field regime where int
vortex repulsion entails the presence of unpinned~‘‘free’’ or
‘‘interstitial’’ ! vortices. Results for larger matching field ca
only be obtained in a restricted temperature rangeTirr ,T
,Tc(12Gi) ~see Fig. 6 forBf51 T!. Here, the interaction
field separates the regime of individual vortex pinning fro
high fields at which the intervortex repulsion determines
optimum pinned configuration but does not necessarily l
to the presence of ‘‘free’’ vortices.

FIG. 5. Irreversibility fieldHirr (T), at which a third harmonic
ac responseuTH3u can first be measured upon cooling the crys
~the same as in Fig. 4! in a magnetic field (s). The roman numer-
als indicate the field regimes described in the text. Also indica
are the fieldsHint(T) determined from reversible magnetizatio
measurements on the same crystal (d).

FIG. 6. Irreversibility fieldHirr (T) determined for lightly over-
doped Bi2Sr2CaCu2O81d ~Ref. 56! with Bf51 T (s). The crystal
was chosen so as to haveTc583.1 K comparable to the sampl
used to obtain the JPR peak data of Ref. 11@also shown (L)#, as
well as to the crystal of Ref. 26. The characteristic fieldsBl (j) at
which the c-axis conductivity starts to increase andBh (h) at
which it starts its final decrease~Ref. 26! are displayed as solid an
open squares, respectively. The interaction fieldsHint(T) deter-
mined from reversible magnetization measurements are draw
solid circles (d).
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We note that, in the analysis presented in Fig. 1~b!, the
assumption ofU0s'«0(0)s(12T/Tc) for electromagnetic
pinning of vortices yields the rather unlikely result that t
entropy contribution to the free energy rapidlydecreasesas
function of temperature.

B. Relation with the phase diagram

In order to correlate the vortex arrangement on the colu
nar tracks as revealed by the reversible magnetization m
surements with the phase diagram, we have performed m
surements of the ac transmittivity as described in Sec. I
Typical results for the in-phase fundamental and third h
monic amplitude are shown in Fig. 4 for optimally dope
Bi2Sr2CaCu2O81d (Tc590.0 K! with Bf50.5 T.54 The cor-
responding fieldsHirr (T) at which a third harmonic respons
is first detected are plotted in Fig. 5. Note that due to
different effective measurement frequencies,f 57.753 Hz in
the ac shielding experiment versusf ;1022 Hz for magneti-
zation measurements using the SQUID, theHirr values plot-
ted in the figure lie much above the apparentHirr values
extracted from the closing of the magnetic hysteresis lo
or merger of zero-field-cooled and field-cooled data obtai
with a SQUID magnetometer.8,11–13The same is indicated in
Fig. 1~a!, which shows the position ofHirr determined from
transmittivity measurements on the magnetization curve.
magnetization data show a break atHirr , reflecting the inad-
equacy of moving sample SQUID magnetometry for m
surements in the regimeHa&Hirr . Another reason for the
much lowerHirr (T) values of Refs. 12 and 13 is the fact th
those authors used lightly underdoped crystals. WhileTc can
be similar for underdoped and overdoped samples, it
recently shown that the irreversibility lines for the irradiat
material vary widely as a function of oxygen content.55

The irreversibility field displays three distinct regimes
a function of temperature. Upon lowering the temperat
from Tc , Hirr (T) first increases exponentially~I!;3,6,8,36 at
T.77 K, Hirr increases sharply~II !, before bending over to
an approximately linear temperature dependence below 7
~III !. The same behavior is found for other matching fiel
see, e.g., Fig. 6 forBf51 T. For comparison, the sam
figure shows characteristic fields extracted fromc-axis con-
ductivity and JPR measurements. It is seen that the diffe
regimes of the irreversibility lineHirr (T) are faithfully re-
produced by the position of the JPR peak;11 for a suitably
chosen measurement frequency~here, 41 GHz! the two lines
lie very close together, suggesting that the onset of lin
vortex diffusion~and, hence, the disappearance of long-ra
ab-plane phase coherence! indicated by Hirr (T) is inti-
mately related to the drop inc-axis phase coherence e
pressed by the JPR peak.

Also plotted in either figure are theHint data for the same
crystals. For the optimally doped crystal (Bf50.5 T! of Fig.
5, it was possible to obtainHint values directly from the
reversible magnetization for fieldsbelow the irreversibility
field by exploiting the torque data of Ref. 17. The reversi
magnetization curves in this case were measured with
magnetic field applied at a substantial angle with respec
thec axis and the column direction. It was shown previou
that in such a configuration, the reversible magnetization
pends only on the field componentHz parallel to thec axis;
-
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within experimental error, the magnetization cur
Mrev(Hz) is the same regardless of the direction of the to
magnetic field. Simultaneously, applying the field at an an
lowers the irreversibility fieldHirr to a much lower value
than when the field is aligned with the columnar defects.6

It appears that the fieldHint intercepts the irreversibility
line exactly at the pointm0Ha' 1

6 Bf where Hirr starts its
steep rise~Fig. 5!. This strongly suggests that the reductio
of vortex mobility causing the increase inHirr (T) is the
consequence of intraplane vortex repulsion and the reduc
of the number of sites available to a given vortex. TheHint
data nicely coincide with the recoupling field obtained
Refs. 11 and 12. ForBf51 and 2 T, reliableHint data could
not be obtained in the temperature interval spanning the
reversibility line. The data in Fig. 6 show that for temper
tures well in excess ofHirr , Hint decreases with increasin
T. The temperature dependence of the interaction field, re
niscent of that of the high-field part of the irreversibility line
seems to extrapolate to the fieldBh where thec-axis conduc-
tivity starts its ultimate decrease.26 Note thatHint never in-
creases beyond the fieldm0Ha' 1

6 Bf at which the recoupling
transition is expected. This particular fraction of the matc
ing field, 1

6 Bf , seems to be quite robust. Figure 7, whi
displays the evolution ofHirr (T) with Bf , shows that for
0.1 T <Bf<4 T the steep rise of the irreversibility lin
always starts nearm0Ha' 1

6 Bf . This is in contradiction to
numerical work57 and previous magnetization studies13

which reported significant features in the phase diagram
m0Ha' 1

3 Bf . Figure 7 shows that, whereas for the values
the matching fieldBf51 and 2 T, most commonly investi
gated in the literature,11–13,57 the fraction Bf/3 coincides
with the crossover from regime~II ! to regime ~III ! in
Hirr (T), this is by no means true for other values ofBf . The
results also show that the reported scaling of the irrevers
ity line with Bf reported in Ref. 3 is by no means to be tak
strictly.

IV. DISCUSSION

A number of significant results emerge from the abo
The most notable is that the introduction of amorphous

FIG. 7. Dependence ofHirr (T) on matching field. Displayed are
the valuesm0Hirr (T)/Bf for a series of crystals grown at the Un
versity of Tokyo, irradiated with 5.8 GeV Pb ions to matching fiel
between 0.02 T and 4 T; data are plotted as a function ofT/Tc ,
where Tc is the valueafter irradiation ~e.g., Tc586.2 K for Bf

52 T!.
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lumnar defects into the matrix of the layered supercondu
decreases the free energy in the London regime not o
through vortex pinning, but also through an additional co
figurational entropy, which appears when a sufficiently la
number of extra sites become available to the pancake
tices. This extra contribution can be comparable to or lar
than the pinning energy. Previously presented values of
pinning energy extracted from the reversible magnetiza
of crystals with relatively high matching fields14–16,32should
thus be considered with reserve. More accurate meas
ments of the pinning energy for crystals with lowerBf were
recently presented in Ref. 18. The pinning energies obta
in this paper are in agreement with those of Ref. 18 and w
the vortex-core pinning model,U0'«0(c0/2j)2.21 This
means that even in the vortex liquid state, vortices are,
tainly in the regimeB!Bf , strongly bound to the columna
defects. Thermally induced vortex wandering from the tra
would have resulted in a pinning energy contributionU0 /F0
that is exponentially small with respect to the to
magnetization.52 The neglect of the entropy contribution als
accounts for the discrepancy between experimental res
and the numerical simulations of Ref. 31. The curves ca
lated in Ref. 31 are close to what would be expected in
~near! absence of an entropy contribution~see, for example
data atBf50.2 T!. Conversely, the use of Eq.~5! overesti-
mates the entropy contribution in many cases and yields
ning energies that are manifestly too small.44

The measurement of the reversible magnetization a
function of column density allows a direct determination
the extra entropic contributionTS ~Fig. 3!, and its depen-
dence on field and temperature. The mechanisms by w
the free energy is lowered becomes apparent if one cons
the rather peculiar dependence ofTS on the density of sites
at constant field, illustrated in Fig. 8. At lowBf , TS remains
small in comparison with other terms contributing to the fr
energy. This can also be inferred directly from the ne
equality of the low- and high-field limits of the logarithmi
slope of the reversible magnetization forBf&0.5 T.17,18 At
high matching field,TS follows a logarithmic dependence o
ion dose. We interpret this behavior as follows. At low irr
diation doses, the increase in entropy with increasing colu
nar defect density arises from the dissociation of vortex li
into shorter and shorter stacks of lengthLa localized on dif-
ferent columns; the entropic part of the free energy~in the
vortex liquid phase! then obeys Eq.~8!, with b; 1

2 . As a
result,TS increases asBf ln Bf , which explains its rapid rise
betweenBf50.5 T and 1 T and the quite important chan
in the low-field magnetization between these matching fie
Once the length of a typical stack has decreased to a si
pancake vortex, this mechanism can no longer be opera
The entropy now increases as lnBf , corresponding to the
possibility for each single pancake to occupy different c
lumnar defects. The evolution of the entropy with increas
matching field can be described by the optimization of
total free energy gain, obtained from the balance between
entropy gain and the loss in intervortex interaction ener
At small Bf , there are few near-lying columnar defect sit
per vortex line—the access to far-lying sites is prohibited
intervortex repulsion. Hence, vortices are on average w
aligned on the same site. For increasingBf , more and more
near-lying defect sites become available, and the free en
r
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can be lowered through the dissociation of vortex lines, fi
into stacks of pancakes located on adjacent columns an
nally into single pancakes wandering between available
umn sites.

The same explains the field dependence ofTS ~Figs. 1
and 3!. As more and more vortices are added, fewer sites
available per vortex. First, the entropy contribution dro
~logarithmically! because fewer defect sites are available
each pancake. At higher fields, pancakes belonging to
same vortex line become aligned on the same site, be thi
a columnar defect or on an interstitial site. This leads to
reduction in vortex mobility and to the increase of thec-axis
critical current measured by JPR~Refs. 12 and 30! and of the
c-axis conductivity.26,27,60

It is to be stressed that in the presence of columns
low-field entropy contribution to the free energy is mu
larger than that in unirradiated crystals, at odds with t
prediction of Eqs.~3! and~5!.44 A qualitative explanation for
this is that, whereas in unirradiated crystals one has one l
energy minimum per vortex lattice unit cell, the presence
a columnar defect densitynd.B/F0 amounts to the pres
ence of several energy minima per cell, permitting t
‘‘roughening’’ of vortex lines~i.e., their spreading over dif-
ferent columnar defects!. Entropy decreases as a function
B until at B; 1

2 Bf it attains a value close to that measured
unirradiated samples, corresponding to approximately
site per vortex. From this field onwards, it becomes diffic
to obtain a reliable estimate of the alignment lengthLa from
reversible magnetization. This is because of the ‘‘error ba
introduced by the large value of the Ginzburg numberGi.
We have seen in Sec. III A 2 that there is an uncertainty

FIG. 8. Entropy contribution to the free energy of heavy-io
irradiated lightly overdoped Bi2Sr2CaCu2O81d (Tc583 K! as a
function of matching field (s), for T574 K and applied field
m0Ha50.1 T. The entropy rises steeply betweenBf50.5 and 1 T,
from where it increases logarithmically as a function ofBf . This
behavior is in qualitative agreement with the dissociation of in
vidual vortex lines into stacks of lengthLa at low defect density
~few available sites per vortex!, for which the predictionTS
}Bf ln Bf is indicated by the curved solid line; at higher matchi
fields, the length of the typical stack has decreased to the la
spacings—the dependence then becomesTS} ln Bf , corresponding
to the configurational entropy associated with the possibility
each pancake vortex to occupy different columns~dashed straight
line!. The corresponding values ofLa are indicated by the solid
triangles ~the dotted line is a guide to the eye!. The parameter
values used are«0s51500 K andBcr50.4 T ~Ref. 58!, i.e., g
555 ~Ref. 59!.
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the order 0.1kBT/F0s when one determines the relative im
portance of the different terms contributing to]Mrev /] ln B.
In particular, one cannot estimate the entropy contribution
better than 0.1kBT/F0s, corresponding to a lower boun
La510s. The same holds for unirradiated crystals. Wher
in the irradiated superconductor the dissociation of vor
lines into stacks of pancakes~within a unit cell! certainly
lowers interplane correlations of the phase of the superc
ducting order parameter, it does not necessarily imply
loss of long-range phase coherence. This is likely destro
near the irreversibility line, as linear activated motion
~pancake! vortices becomes possible.

The questions of pancake vortex alignment, phase co
ence, and the recoupling transition reported in Refs. 11
are intimately related. From reversible magnetization,
have determined the fieldHint at which intervortex repulsion
determines the vortex pancake arrangement in the pres
of columnar defects. This is in very good agreement with
recoupling field obtained in Refs. 11,12, and coincides w
the rapid rise ofHirr (T). It seems that the same intraplan
vortex repulsion responsible for vortex alignment also
creases the vortex mobility, expressed by the peak in
critical current density measured in Refs. 13 and 61, and
the increase inHirr (T) into regime~II ! at 1

6 Bf . As for the
increase in vortex mobility and the decrease ofc-axis con-
ductivity at the crossover ofHirr from regime ~II ! to the
high-field region~III !, it is likely that it corresponds to the
field at which the number of free vortices becomes com
rable to or exceeds the number of vortices trapped on a
lumnar defect. This field can be roughly estimated as tha
which Up1TS @Figs. 1~b! and 3~b!# has decreased to half it
value atHint . For Bf*1 T, it amounts to roughly the valu
1
3 Bf cited in Ref. 13; for lower matching fields it lies close
to Bf . In all cases, it lies close to the crossover in questi
Thus, we identify regime~III ! of Hirr (T) as that in which the
number of free vortices exceeds the number of trapped o
and in which vortex mobility is determined by plastic vorte
creep.21

V. CONCLUSION

Reversible magnetization measurements have been
lyzed in order to determine the relative importance of p
r-
ar
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ning energy and entropy contributions to the free energy
heavy-ion-irradiated Bi2Sr2CaCu2O81d single crystals. We
have found that in unirradiated crystals the entropy contri
tion to the free energy in the London regime is relative
minor. This is also true in irradiated crystals with sma
matching fieldsBf&0.5 T, but not for irradiated crystal
with largeBf*1 T and fieldsB!Bf . Then, the configura-
tional entropy contribution to the free energy is greatly e
hanced with respect to its value in unirradiated crystals,
can easily exceed the pinning energy of a vortex on a colu
nar defect by more than a factor of 2. The large entro
contribution at highBf is a consequence of the dissociatio
of vortex lines into individual pancake vortices localized
different columnar defect sites. AsB/Bf is increased, inter-
vortex repulsion causes the pancakes belonging to the s
stack to align onto the same columnar defect. It was poss
to obtain a lower boundLa;10s on the length over which
pancakes are aligned atB'Bf . Vortex interactions become
important at the fieldHint;

1
6 Bf ; at this field, which delim-

its the regime of pinning of individual vortices and whic
corresponds to the recoupling field measured by Joseph
plasma resonance, the irreversibility field sharply increas
Above Hint , the repulsive interaction between vortice
causes both the vortex mobility to decrease and panc
alignment to increase. At higher fields* 1

3 Bf , free vortices
outnumber those that are trapped on a columnar defect.
causes the decrease ofc-axis resistivity and a second cros
over of the irreversibility field, to a regime where it is dete
mined by plastic creep.
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