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Anomalous doping dependence of fluctuation-induced diamagnetism
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Superconduting quantum interference device magnetization measurements in oriented powders of
Y12xCaxBa2Cu3Oy , with x ranging from 0 to 0.2, fory'6.1 and 6.97, are performed in order to study the
doping dependence of the fluctuating diamagnetism above the superconducting transition temperatureTc .
While for optimally doped compounds the diamagnetic susceptibility and the magnetization curves2M f l(T
5const) vsH are rather well justified on the basis of an anisotropic Ginzburg-Landau~GL! functional, in
underdoped and overdoped regimes an anomalous diamagnetism is observed, with a large enhancement with
respect to the GL scenario. Furthermore, the shape of magnetization curves differs strongly from the one
derived in that scheme. The anomalies are discussed in terms of phase fluctuations of the order parameter in a
layered system of vortices and with the assumption of charge inhomogeneities inducing local, non-percolating,
superconducting regions withTc

( loc) higher than the resistive transition temperatureTc . The susceptibility
displays an activated temperature behavior, a marked characteristic of the vortex-antivortex description, while
the history-dependent magnetization, with relaxation after zero-field cooling, is consistent with the hypothesis
of superconducting droplets in the normal state. Thus the theoretical picture consistently accounts for most
experimental findings.

DOI: 10.1103/PhysRevB.65.144523 PACS number~s!: 74.40.1k, 74.25.Ha
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I. INTRODUCTION

A variety of experiments1 pointed out that the small co
herence length, reduced carrier density, high transition t
peratureTc , and marked anisotropy of cuprate superco
ductors cause strong enhancement of superconduc
fluctuations~SF’s!. In contrast to conventional superconduc
ors, in cuprates the transition region is considerably smea
by SF’s which can be detected in a wide temperature ran
up to 10–15 K aboveTc . The formation of fluctuation Coo
per pairs aboveTc results in the appearance of a Langev
type diamagnetic contribution to the magnetization
2M f l(T,H), existing side by side with the paramagne
contribution from fermionic carriers.

Since the size of fluctuating pairsj(T) grows whenT
approaches the transition temperatureTc , M f l(T,H) should
diverge near the transition for any small fixed magnetic fie
being equal to zero forH50. On the other hand it is eviden
that very strong magnetic fields, comparable toHc2(0), must
suppress SF’s. Therefore the isothermal magnetization c
M f l(T5const,H) has to exhibit an upturn. This upturn ca
be described quantitatively within the framework of the e
actly solvable, for any magnetic field, zero-dimension
model2 @superconducting granules with a size!j(T)# or by
means of a cumbersome microscopic treatment accoun
for the short-wavelength fluctuation contribution in the thre
dimensional~3D! case.3

Experiments on conventional BCS superconduct
showed that the magnetization is quenched for fields as
as;1022Hc2(0) ~see Ref. 2!. The value of the upturn field
Hup in the magnetization curves can be considered inver
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proportional to the coherence length.2,4 This explains why in
optimally doped high-temperature superconductors,
Ginzburg-Landau~GL! picture works rather well. Here the
coherence length is so short that the quenching of fluctua
magnetization on increasing the magnetic field has not
been observed.

The fluctuating magnetization of layered superconduct
in the vicinity of the transition temperature and for
!Hc2(0), when the contribution of short-wavelengt
fluctuations3 is negligible, can be theoretically described5–7

in the framework of the GL scheme with the Lawrenc
Doniach Hamiltonian.8–10 The fluctuating diamagnetism
~FD! turns out to be a complicated nonlinear function
temperature and magnetic field, and cannot be factorized
these variables. An important role in FD is played by t
degree of anisotropy of the electronic spectrum. All the
aspects of FD have been found to occur in optimally dop
Y12xCaxBa2Cu3Oy ~YBCO!.7–11 Scaling arguments12 were
found13,14 to be rather well obeyed in this compound.

In underdoped YBCO, marked deviations from the beh
ior expected in the framework of GL approaches have b
detected. A first qualitative claim in this regard goes back
Kanodaet al.,15 who noted that in oxygen-deficient YBCO
the FD in small fields was enhanced. Later on, interest
features of FD in underdoped compounds we
reported.8,16–20 In particular, in underdoped YBCO atTc
.63 K, a marked enhancement of the susceptibility
fixed (T2Tc) in a field of 0.02 was detected aboveTc(0),
with magnetization curves strongly different from the on
in optimally doped YBCO.16,18 Magnetization curves were
subsequently reported19 in underdoped La1.9Sr0.1CuO4
©2002 The American Physical Society23-1
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~LASCO!. For the moment we only mention that the magn
tization curves reported by Carballeiraet al.19 in underdoped
LASCO, although indicating field-affected fluctuation
induced diamagnetism, do not exhibit the upturn with ma
netic field like the ones in underdoped YBCO that we w
discuss later. Finally, recent magnetization data20 as a func-
tion of temperature in YBa2Cu3O6.5 single crystal@with a
transition temperature in zero fieldTc(0)545 K# indicate
SF’s obeying 2D scaling conditions forH;

.1T, and turning
to 3D scaling for smaller fields.

Qualitative justifications of the anomalous diamagneti
in underdoped YBCO have been tried,18,21 essentially based
on the idea of charge inhomogeneities leading to nonpe
lating superconducting ‘‘drops’’ or on the extension of t
theory of Ovchinnikovet al.,22 where the anomalous dia
magnetism was related to regions having localTc’s higher
than the resistive transition temperature. The first theoret
study specifically aimed at the description of FD in und
doped YBCO was undertaken by Sewer and Beck.23 In the
framework of the Lawrence-Doniach model, these auth
justified the temperature and field dependences of the m
netic susceptibility by taking into account the phase fluct
tions of the order parameter, thus arriving to a layeredXY
model for a liquid of vortices.

In this paper we address the problem of fluctuating d
magnetism in the Y12xCaxBa2Cu3Oy family and of its de-
pendence from the number of holes, by reporting superc
ducting quantum interference device~SQUID! magnetization
measurements in a series of samples. Preliminary result
overdoped compounds were presented to a meeting and
lished elsewhere.24 Since some differences in the magne
behavior of chain-ordered and chain-disordered YBCO w
noted,18 we also attained the underdoped regime by mean
Ca21 for Y31 substitution in ideally chain-empty
YBa2Cu3O6, while for the overdoped regime the same h
erovalent substitution was performed in chain-f
YBa2Cu3O7.

The paper is organized as follows. In Sec. II experimen
details and the majority of the experimental results are
ported. The analysis of the data~Sec. III! is first tentatively
carried out on the basis of an anisotropic free energy
functional, within the Gaussian approximation. The inapp
cability of such an approach for nonoptimally doped co
pounds is stressed. Then the theory for phase fluctuation
the order parameter in layered liquid of vortices is revised
properly take into account terms neglected in the previ
formulation.23 In particular, nonreversibility and relaxatio
effects of the magnetization are argued to support the pic
of nonpercolating, locally superconducting droplets abo
the resistive transition temperature, that we interpret as ph
fluctuations of a nonzero order parameter below the lo
irreversibility temperature. Thus a comprehensive desc
tion of FD in the Y12xCaxBa2Cu3Oy family is obtained, as
summarized in Sec. IV.

II. EXPERIMENTAL DETAILS AND RESULTS

The samples of chemical composition Y12xCaxBa2Cu3Oy
were prepared by solid-state reactions of oxides and car
14452
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ates in flowing oxygen at 1000 K for about 100 h. X-ra
diffractometry was used to check the presence of a sin
phase. The oxygen stoichiometry was first estimated by t
mogravimetry and energy dispersive spectrometry. T
samples were then oxygenated close toy57 by annealing in
oxygen atmosphere~25 atm! at 450 K for about 100 h, or
deoxygenated as much as possible close toy56, for about
100 h in vacuum. The final oxygen content turned outy
56.9760.02 for overdoped YBCO andy56.1060.05 for
the underdoped samples, estimated with loss of mass m
sures. Before the measurements, the samples stayed at
temperature for about one week. The resistive transition
samples of the same batch appeared very sharp, with mo
ate evidence of paraconductivity in a temperature range
5–10 K above the transition. After mixing the samples w
epoxy resin, they were oriented by hardening in a stro
magnetic field~9 T!. The orientation was tested by compa
ing the diamagnetic susceptibility forH//c with the one for
H in theab plane, where practically no enhancement ofM f l

was noted to occur. For samples used in previous works,18,24

the orientation was also tested by means of the63Cu NMR
line ~see Ref. 18!.

Magnetization measurements were carried out in the
ented powders by means of a Quantum Design MPMS-X
SQUID magnetometer. Measurements were also perform
in optimally doped YBCO in order to prove that the results
oriented powders do not significantly differ from the ones
single crystals. The data already obtained by ot
authors8,9,13,25–27were confirmed. In Sec. III we will recal
a few results of studies of optimally doped compounds, wh
it is required for the comparison of our data in strong
underdoped or overdoped YBCO:Ca.

The transition temperaturesTc(H50)5Tc(0) were esti-
mated from the magnetization curves vsT at small fields~20
Oersted!, by extrapolating atM50 the linear behavior ofx
occurring below Tc , as shown in the insets in Fig. 1. Th
values ofTc(0) are collected in Table I, where the numbe
of holes nh , as evaluated from the expression (Tc /Tc

max)
51282.6(nh20.16),2 giving the parabolic behavior28 of the
phase diagramT2x, are also reported. It is noted that b
cause of the enhanced fluctuating diamagnetism some un
tainty in the estimate ofTc(0) is present, particularly in
strongly underdoped samples. This uncertainty does not
fect the discussion given below about the anomalous
magnetism, which is detected in a temperature region w
aboveTc(0).

Magnetization measurements at a constant fieldH have
been performed as a function of temperature, withHic. In
general two contributions to the magnetizationM were ob-
served: a Pauli-like, positive termM P , almostT independent
or only slightly increasing with decreasing temperature in
rangeDT from 200 K down to about 100 K, and a negativ
diamagnetic contribution2M f l arising on approachingTc .
This latter contribution was extracted by subtracting fromM
the value obtained by extrapolating forT→Tc

1 the curveM P

vs T in DT, whereM f l is practically zero. Thus the possibl
slight temperature dependence ofM P around Tc was ne-
3-2
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ANOMALOUS DOPING DEPENDENCE OF FLUCTUATION- . . . PHYSICAL REVIEW B 65 144523
glected in comparison to the much stronger diamagn
term.

Typical magnetization curvesM (H5const,T) for over-
doped and underdoped samples are reported in Fig. 2.
enhancement of FD, in both regimes, is evidenced.

In Fig. 3 some isothermal magnetization curves2M f l(T
5const) vsH—obtained by cooling in zero magnetic fie
~ZFC! down to a certain temperature aboveTc(0), are
shown. In Fig 3~c! a few data for field-cooled~FC! magne-
tization, to be discussed below, are reported.

III. ANALYSIS OF THE DATA, FURTHER RESULTS
AND THE THEORETICAL PICTURE

A. GL anisotropic free-energy functional

The generalization of the GL functional for layered sup
conductors@the Lawrence-Doniach~LD! functional9,11# in a
perpendicular magnetic field can be written

FIG. 1. Some magnetization data in low field, parallel to thec
axis, as a function of temperature in oriented powders
Y12xCaxBa2Cu3Oy . The values of the magnetization measur
from 250 K down to 90 K, with a positive Pauli-like temperatur
independent term, are not reported in the figure. In the inse
blow-up for the estimate ofTc(0) is shown.

TABLE I. Superconducting transition temperature in overdop
and underdoped Y12xCaxBa2Cu3Oy , and the estimated number o
holes per CuO2 unit.

x y Tc (K) nh

0 6.65 62.5 0.12
0.05 6.97 82.0 0.18
0.1 6.96 73.0 0.20
0.1 6.96 70.0 0.21
0.2 6.98 49.5 0.23
0.15 6.10 34.061 0.07
'0.15 6.05 20.062 0.06
0.1 6.10 14.062 0.06
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whereC l is the order parameter of thel th superconducting
layer and the phenomenological constantJ is proportional to
the Josephson coupling between adjacent planes ana
5a0@(T2Tc)/Tc#[a0«. The gaugeAz50 is chosen in Eq.
~1!. In the vicinity of Tc the LD functional is reduced to the
GL one with the effective massM5(4Js2)21 along thec
direction, wheres is the interlayer spacing. In the GL regio
the fourth-order term in Eq.~1! is omitted, and the standar
procedure2,4 to derive the fluctuation part of the free energ
yields

F~e,H !2F~e,0!52
TVkB

2psjab
2

hE
2p

p

dz(
n50

E
21/2

1/2

dx ln

3
~2n1112x!h1r /2~12cosz!1e

~2n11!h1r /2~12cosz!1e
.

~2!

where thec axis is along the z direction,r 54jc
2/s2 and h

5H/Hc2(0).
By means of a numerical derivation of Eq. 2 with respe

to the field, one obtains the fluctuating magnetizationM f l vs
H. As shown in the inset of Fig. 4, the magnetization curv
in optimally doped YBCO are satisfactorily fitted byM f l
derived in this way, and show how the 3D scenario of SF
obeyed on approachingTc , with a crossover from a linear to
a nonlinear field dependence occurring a few degrees ab
the transition. Correspondingly, the scaling arguments for
anisotropic systems hold andM f l /H1/2 vs T cross atTc(0)
.92 K, as already observed.13

f

a

d

FIG. 2. Constant field (Hic) magnetization vs temperature i
overdoped (x50.1 andy56.96) ~a! and underdoped (x50 andy
56.65) ~b! YBCO compounds. For comparison, in~a! of the figure
the behavior ofM f l in optimally doped YBCO is shown.
3-3
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A. LASCIALFARI et al. PHYSICAL REVIEW B 65 144523
FIG. 3. Isothermal diamagnetic magnetization vsH, after zero-
field cooling ~ZFC! to a certain temperature aboveTc(0). ~a!
Sample atx50.1 andy56.96 @Tc(0)573 K#. ~b! Sample atx
50.2 andy56.98 @Tc(0)549.5 K#. ~c! Chain-disordered under
doped YBCO aty56.65 and x50 @Tc(0)562.5 K# for ZFC
~circle! and field-cooled~FC! ~up-triangle! conditions. The solid
lines in part~a! of the figure forH→0 correspond to the diamag
netic susceptibility estimated in the limit of zero field. The so
lines in ~a! and ~c! are the theoretical behaviors according to t
mechanisms described in the text for droplets below and above
local irreversibility temperature.
14452
In contrast to optimally doped YBCO, the magnetizati
curves for underdoped and overdoped compounds depart
dramatic way from the ones expected on the basis of Eq.~2!.
In particular@see Figs. 3~a!, 3~b!, and 3~c!#, even relatively
far from Tc , while for small fields (H&200 G) M f l is linear
in H, upon increasing the field the magnetization shows
upturn and thenu2M f l u decreases. Let us remind the read
that in the GL weak fluctuation regime the saturation of t
magnetization at high field has to be expected,10,11 the super-
conducting coherence being broken for fields larger th
A«Hc2. An estimate of the order of magnitude of the uptu
field Hup can be done from the analysis of the ‘‘zer
dimensional’’ case,2,4 namely, for superconducting granule
of radiusd smaller than the coherence lengthj(T). In this
case the order parameter is spatially homogeneous and
exact solution of the GL model can be found, and yields

M f l52

kBT
2

5

p2j2

F0
2

d2H

S «1
p2j2

5F0
2

H2d2D . ~3!

It can be noted that the most sizeable contribution to
magnetization comes from the fluctuations-induced SC dr
lets of radius of the order ofj(T) , which imply the most
efficient screening.29 By assuming the condition of zero d
mension for these droplets, from Eq.~3! with d5j(T), one
derives an upturn field given byHup.«F0 /j2. For j
.10 Å and« in the range 1021–1022, Hup is expected to
be in the range of 10T.

Thus the magnetization curves in Fig. 3 can hardly
ascribed to the breakdown of the GL approach of the ty
commonly observed in BCS superconductors.2 In other

he

FIG. 4. Comparison of the magnetization curvesM f l vs H ~after
ZFC! in overdoped YBCO:Ca (x50.1 andy56.96) with the ones
in optimally doped YBCO~inset!, for similar reduced temperatur
«. The solid lines fitting the data in optimally doped YBCO a
derived from Eq.~2! in the text by means of numerical derivation
correspond to the anisotropic parameterr 50.1, and show the 3D
linear and 3D nonlinear regimes.
3-4
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ANOMALOUS DOPING DEPENDENCE OF FLUCTUATION- . . . PHYSICAL REVIEW B 65 144523
words, a description of FD based on the GL functional
principle should be suitable in YBCO compounds for fiel
smaller than severalT, particularly not too close toTc , as in
fact it is observed in optimally doped YBCO.8,9,13,26,27

B. Phase fluctuations and superconducting droplets aboveTc :
A theoretical picture

Then one has to look for other explanations. As alrea
mentioned, a recent theory was developed by Sewer
Beck23 with the aim of justifying the unusual magnetizatio
curves detected in underdoped YBCO.18 The theory assume
a frozen amplitude of the order parameter while phase fl
tuations are taken into account. As a consequence one h
deal with both thermally activated vortex loops and fie
induced vortex lines. Two major conclusions of a gene
character can be outlined. For small fields the tempera
dependence of the susceptibility is controlled by the vor
loops densitynv , for which

nv5n0exp@2E0 /kT# ~4!

according to theXY model. For strong fields, instead, th
vortex line elements dominate, the vortex correlations
tween different layers become relevant andM f l increases
only slightly with H and finally flattens. No upturn field is
predicted, at least forH!Hc2.

In Fig. 5 the data forx, defined as (2M f l /H), are shown
to obey Eq. ~4!, rather well in correspondence toE0
.940 K, in agreement with calculations yielding values f
the activation energy around 10Tc ~see Ref. 23, and refer
ences therein!. E0 turns out to depend only little on doping
being slightly field dependent. It is necessary to mention t

FIG. 5. Susceptibility as a function of the inverse temperat
showing the activated temperature behavior~straight lines! in the
sample aty56.96 andx50.1. Analogous temperature dependen
has been observed in underdoped YBCO compounds. The
bending are obtained by transferring aboveTc(0) the temperature
behavior of the bulk susceptibility measured belowTc , and by
normalizing the data atT.88 K.
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the temperature dependence of the susceptibility ab
Tc(0) differs from that measured belowTc , as shown
in Fig. 5.

However, magnetization curves, such as the ones repo
in Figs. 3 and 4, cannot be accounted for by a theory wh
does not include an upturn with the field. Furthermore sim
lar effects are also found in overdoped samples@see Figs.
2~a! and 3~a!#.

Thus we are going to consider the second aspect, poss
leading to an anomalous diamagnetism: the one relate
charge inhomogeneities causing regions where the hole
sity is different from the average. Evidence of the inhom
geneous structure of cuprates has been found by mean
neutron and electron diffraction,30–32as related to stripes an
lattice effects or to local variations in the oxygen concent
tion, particularly near grain boundaries. Intrinsic inhomog
neities, with spatially dependent critical temperatures h
been considered as possible causes of pseudo
phenomena.33 A theory for high-temperature superconducti
ity and for the pseudogap temperature dependence base
an inhomogeneous charge distribution with a site-depend
transition temperature, were recently formulated.34 In par-
ticular, Ovchinnikovet al.22 considered the anomalous dia
magnetism aboveTc , induced by a nonuniform distribution
of magnetic impurities, depressingTc but leaving ‘‘islands’’
which become superconductors above the resistive trans
temperature. An anomalous large diamagnetic moment
sults aboveTc and in this way the strong diamagnetic su
ceptibility observed in overdoped Tl-based cuprates35 could
be explained. It should be stressed, however, that in
description22 the magnetization is linear in the field, since th
condition of a small field is implicitly assumed. Direct ev
dence of inhomogeneous magnetic domains showing
magnetic activity aboveTc was obtained by Iguchiet al.36 by
scanning SQUID microscopy in underdoped LASCO. R
gions of a few tens ofmm, precursors of bulk superconduc
tivity, were imaged in this remarkable work.36

In light of the experimental findings and of the theoretic
supports outlined above, we now consider, as a sourc
diamagnetism aboveTc , the presence of locally supercon
ducting droplets. From the volume susceptibility, let us say
Tc25 K ~see Fig. 1!, one deduces that a few percent of t
total material being a superconductor above the resis
transition, could actually justify the screening effects o
served as FD. A test of this hypothesis is obtained from
search of the magnetic-history dependent effects. It
known, in fact, that in YBCO the irreversibility temperatu
is not far from Tc , and therefore if the anomalous FD
attributed locally to SC droplets, then one should detect
ferences between ZFC and FC magnetization. In Fig. 6 m
netization curves after zero-field cooling, and the corresp
dent values ofM f l obtained at the same temperature af
cooling in the presence of a given magnetic field, are co
pared. Furthermore, relaxation effects are observed. In Fi
it is shown how the negative magnetization depends on ti
displaying a progressive decrease from the ZFC value
ward the one measured in the FC condition. The time c
stant for this relaxation process is close to the one meas
in the critical state.37 It can be remarked than in underdope

e

es
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A. LASCIALFARI et al. PHYSICAL REVIEW B 65 144523
chain-disordered YBCO@Fig. 3~c!# no upturn is observed
and the ZFC and FC magnetization curves almost coinc
The explanation that will be supported by our theoreti
picture is that magnetization curves without hysteretic effe
refer to superconducting droplets which are above the i
versibility temperature.

One could suspect that the occurrence of superconduc
droplets results from trivial chemical inhomogeneities of t
samples. As described in Sec. II many experimental che
allow us to rule out this hypothesis. Furthermore, samp
grown with different procedures, already used by other
thors, have been studied. Thus it is believed that an inho
geneity does not mean the presence of macroscopic par
the samples at different oxygen and/or calcium content,
is rather intrinsic, as like the ones evidenced in the exp
ments recalled above. Furthermore, it should be remar
that the temperature dependence of the susceptibility ab
the bulk transition temperature is different from the one
curring in the superconducting state~see Fig. 5!.

In the following we are going to modify the theoretic
description of Sewer and Beck,23 still keeping their basic
idea of phase fluctuations but taking into account the p
ence of mesoscopic ‘‘islands’’ with nonzero average or
parameter amplitudes that can be below or above the l
irreversibility temperature.

Let us start, as in Ref. 23, from Eq.~1!, by showing the
order-parameter phase contribution

FIG. 6. Magnetization curves in YBCO:Ca atx50.1 and y
56.96 obtained by cooling in zero field to a given temperature@~a!
T575.5 K and~b! T579.5 K# above the resistive transition tem
perature and then applying the field~ZFC!, and after the application
of the field at room temperature, cooling at the same tempera
and measuring the correspondent magnetization~FC!. The volume
susceptibility in the limitH→0 is reported.
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1J'@12cos~u l 112u l !#J , ~5!

where Ji5 p\2nh/4me and J'52pJnh are the order-
parameter phase coupling constants on the plane and
tween planes, respectively.

In this way the occurrence of superconducting dropl
below the critical temperature is assumed, where the or
parameter phase can fluctuate producing thermal excitat
~vortex and antivortex pairs in two dimensions and vort
loops in the anisotropic model!. The potential vectorAi in
Eq. ~5! describes both the magnetic field applied parallel
the c axis and the one induced by thermal fluctuations.

By following the 2D Coulomb gas theory, at each vort
is associated an effective chargeqv5A2pJi and a vortex-
antivortex pair has an energyE05qv

2ln(r/jab), playing the
role of an activation energy and thus yielding Eq.~4!. In
order to refer to the anisotropic 3D model the vortex lines~or
the vertical elements of the vortex loops! are correlated along
the c axis for a lengthns, and a correction toqv was found
self-consistently.

re,

FIG. 7. Relaxation of the raw magnetization after ZFC and th
a sudden application of a magnetic field of 260 G, in YBCO:Ca
x50.1 andy56.96, atT575.5 K ~a! Short-term relaxation.~b!
Long-term relaxation. From the comparison of the ZFC and
magnetizations inH520 G ~see the inset!, an irreversibility tem-
perature of the locally superconducting droplets at the highesTc

can be estimated around 90 K. In part~a! of the figure the solid line
is the sketchy behavior of the relaxation of the magnetization
tected in Ref. 33 in the critical state, in optimally doped YBCO.
3-6
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By considering, as usual, the partition functionZ
5*Du exp(2bFLD@u#) with b51/kBT, the susceptibility
x5]M f l /]H, whereM f l5]F/]H, is obtained as the sum o
three contributions:

x5K ]2F LD

]2H
L 2

2b K S ]FLD

]H D 2L 1bS K ]FLD

]H L D 2

~6!

where^ & is the thermal average.
In the gaugeA52yH, z being thec-axis direction, the

homogeneous susceptibility is given by

x5 lim
q→0

K~q!

q2
, ~7!

where

K~q!5
Ji

d S 2p

F0
D 2F Ji

kT
@P~q!2Q~q!#21G . ~8!

In Eq. ~8!, P(q) derives from the term̂(]FLD /]H)2& of
Eq. ~6!, and it involves the current-current correlation fun
tion, as in Ref. 23,

P~q!5
1

NL2 (
l ,l 8

E d2rE d2r8exp@ iq~r2r 8!#K S ¹xu l~r!

2
2p

F0
Ai ,x~r ! D S ¹xu l 8~r8!2

2p

F0
Ai ,x~r 8! D L , ~9!

with N the number of layers andL25pR2, R being the av-
erage radius of the superconducting islands.

The x component of the phase gradient is

¹xun~r!5d (
s1 ,l 1

y2Ry~m1 ,l 1!

u@r2R~m1 ,l 1!#21d2~ l 2 l 1!2u3/2
t~m1 ,l 1!,

where t(m1 ,l 1)561, andR(m1 ,l 1) labels the position of
each ‘‘pancake’’m1 on the layerl 1.

Three terms are obtained by the evaluation of Eq.~9!:
Puu(q), PAA(q), andPuA(q) @the two terms due to the cor
relation between¹xu andAi ,x give the same contribution o
PuA(q)5PAu(q)5PuA(2q)#. The first one involves the po
sitional correlation function of the vortex line elements.
order to calculate it, Sewer and Beck23 introduced the static
structure factor of a disordered vortex liquid. Because of
weak interlayer coupling, harmonic deviations of the vort
lines ~or loops! along thez direction are taken into accoun
This model can also be used to describe the vortex syste
the glassy phase, below the irreversibility line temperatu
therefore, the same expression forPuu(q) is used here.

The evaluation of the termPAA(q) is straightforward, and
one has

PAA~q!5
p2

36 S HL2

F0
DL2q2. ~10!

The further contributionPuA(q) , appearing due to the
cross-correlation between¹xu and Ai ,x and disregarded in
14452
e
x

in
;

Ref 23 cannot be neglected below the vortex lattice melt
temperatureTirr , where the irreversibility effects occur. I
this case one obtains

PuA~q!1PuA~2q!

52
Hd

L

~2p!2

F0

Lq cos
Lq

2
22 sin

Lq

2

q2 (
l ,l 8

exp~2dqu l

2 l 1u!K (
m1 ,l 1

t~m1 ,l 1!cos@ iqlRy~m1 ,l 1!#L .

The thermal average is performed under the assump
that the vortices are uniformly distributed in the planes;
calculations are reported in the Appendix. The expansion
PuA(q) in powers ofqL gives

PuA52
2p2

3 S HL2

F0
D 2

1
2L2

45
p2S HL2

F0
Dq2. ~11!

The functionQ(q) in Eq. ~8!, related to the third term of
Eq. ~6!, was neglected in Ref. 23. It can be calculated
described in the Appendix, yielding

Q5~2p!2S HL2

F0
D 2F 1

q2L2
1

1

14434
q2L21

1

12G . ~12!

It should be noted that the first term inQ, diverging for q
→0, exactly cancels out theq22 term in the expansion o
P(q) which appears from the structure factor.

By using Eqs.~10!, ~11!, and~12! and Eq.~6! of Ref. 23,
from Eq. ~8! one finally obtains

K~q!5
Ji

s S 2p

F0
D 2F2pJi

qv
2 ~112n!2dS H

H*
D 2

21G
1H 2

kT

sF0
2

1

112n

F11dS H

H*
D 2G 2

nv

2
s2g2~11n!

112n F11dS H

H*
D 2G

1
47pR2

540

Ji

s S 2p

F0
D 2

dS H

H*
D 2J q2 ~13!

where d5p2(Ji /kT), and H* 5F0 /pR2 is an effective
‘‘critical’’ field depending on the island size~for T>Tirr the
numerical factor isp2/3!.

To avoid unphysical divergences in the calculation of t
susceptibility from Eq.~7!, the first term in square bracket
of Eq. ~13! has to be zero, giving a renormalization ofqv due
to both the anisotropy of the system and the presence
applied magnetic field:
3-7



rg

r
en
tly

he

pt
nt
o
-

o
et
si

g

n
ta
e

e
ili

e-

n
er
ba

e

op-
han
dif-

is

t-
ore,
ed,

ly

y
-

lets
es
u-

as-
CO

e

der-
, a
urs,
an
y
red
tify
ped
d
r

eld
and
pic

ng,
of
ase
ter.

ting
the
the

rre-
tal

for
sent
for
anna
ure.
r
er-

A. LASCIALFARI et al. PHYSICAL REVIEW B 65 144523
qv
2~H !5

qv
2~112n!

F11dS H

H*
D 2G . ~14!

In view of the field-dependent vortex charge, the pair ene
~in the limit H,H* ) becomes

E5
E0

F11dS H

H*
D 2G .

According to Eq.~4!, the thermally excited vortex pai
density turns out to be field dependent. This field dep
dence, formally derived in our description, is significan
different from the one assumed in Ref. 23.

Finally the diamagnetic susceptibility is obtained in t
form

x52
kT

sF0
2

1

112n

S 11dS H

H* D 2D 2

nv
2

s2g2~11n!

112n

3F11dS H

H*
D 2G1

47pR2

540

Ji

s S 2p

F0
D 2

dS H

H*
D 2

.

~15!

In the limit H→0 a good agreement between the susce
bility and its temperature dependence with the experime
findings is again achieved. The main differences between
susceptibility in Eq.~15! and the one given in Ref. 23 con
sists of the presence of the factor (H/H* )2 and of a third,
positive term. This term can give an inversion in the sign
the susceptibility corresponding to an upturn in the magn
zation curves. This phenomenon depends on the dimen
of the islands, andx50 ~i.e., the occurrence of the upturn!
requiresR.R0, whereR0 is a critical parameter dependin
on some characteristics of the material. By choosingg56,
the interlayer distances512 Å, n52, and Ji /kT52.5,
which are typical values for YBCO, forT575.5 K one es-
timatesR0.50 Å. In this case the solution of the equatio
x50 is Hup /H* .0.06 and, by considering the experimen
valueHup.250 G, the effective critical field turns out to b
H* .0.4 T.

The isothermal curves can be obtained from Eq.~15! by
means of a numerical integration. The shape of the magn
zation curve depends on the parameters in the susceptib
and by using the values quoted before, withR5370 Å one
derives the behavior sketched in Fig. 3~a! for an island below
the irreversibility line. The same parameters withT
566 K, Ji /kT51.8, andR510 Å lead to the curve shown
in Fig. 3~c! for the magnetization of the island above irr
versibility.

Finally we discuss the differences observed in the mag
tization curves between chain-ordered and chain-disord
YBCO compounds, and the relevant observation by Car
leira et al.19 of the magnetization curves2M f l vs H in un-
14452
y

-

i-
al
ur

f
i-
on

l

ti-
ty,

e-
ed
l-

derdoped LASCO@Sr contentx50.1, andTc(0)527.1 K#
with no upturn field. A role of the chains in favoring th
nucleation of local superconducting droplets aboveTc is
conceivable. In fact, in chain-ordered compounds the dr
lets appear to have an irreversibility temperature higher t
those in chain-disordered compounds, as shown by the
ference in the magnetization curves@see Figs. 3~a!–3~c!#. We
recall that the inversion in the sign of the susceptibility
related to the third term in Eq.~15!, and thus to the term
PuA(q). The amount of impurities and/or imperfections ac
ing as nucleation centers might also play a role. Furtherm
the degree of underdoping or overdoping is also involv
since a marked variation ofTc with nh is evidently crucial. It
is noted that in the measurements of Carballeiraet al.19 in
LASCO atTc527.1 K, the magnetization curves show on
a weak tendency to saturate, while in LASCO atTc.18 K
~therefore more underdoped! a scanning SQUID microscop
study by Iguchiet al.36 did show diamagnetic effects to as
sociate with locally superconducting droplets. These drop
should imply a contribution to the magnetization curv
similar to the one detected by us in YBCO compounds. F
ture research work will have to explore these interesting
pects, and the differences present until now between LAS
and YBCO.

IV. CONCLUSIONS

By means of SQUID measurements in th
Y12xCaxBa2Cu3Oy family, a nonconventional fluctuating
diamagnetism has been observed in overdoped and un
doped compounds. Compared to optimally doped YBCO
large enhancement of the diamagnetic susceptibility occ
and no anisotropic GL functional or scaling arguments c
justify the isothermal magnetization curves. A recent theor23

for phase fluctuations of the order parameter in a laye
liquid of vortices has been revised, and it appears to jus
some aspects of the anomalous FD in nonoptimally do
YBCO, particularly the ‘‘precritical’’ temperature activate
behavior of the susceptibility in the limit of zero field. Othe
experimental observations, noticeably the upturn in the fi
dependence of the isothermal fluctuating magnetization
history-dependent effects, indicate the role of mesosco
charge inhomogeneities in inducing local, nonpercolati
superconducting ‘‘droplets.’’ On the basis of both types
experimental findings, we have extended the theory of ph
fluctuations in the presence of a nonzero order parame
The terms leading to relevant dependence of the fluctua
magnetization on the magnetic field were included in
scheme. The field-related corrections are different when
superconducting droplets are below or above the local i
versibility temperature. In this way most of the experimen
findings have been justified.
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APPENDIX

To derive Eqs.~11! and ~12! the following thermal aver-
age must be calculated:

K (
m,l

t~m,l !cosiqlRy~m,l !L
5(

m
^t~m!&2

1

2
q2(

m
^R2~m!&1o~q3!. ~A1!

Indicating the number of vortex line elements parallel~anti-
parallel! to the field byN1(N2), the first term gives

N12N25
HL2

f0
.

The sum in the second term can be split in two pa
which separately count the vortex line elements parallel
antiparallel to the field:
c

i,

l

.

ch

-
l
s
E

,

a

14452
s
d

(
m

t~m!^Ry
2~m!&5(

m1
^Ry

2~m!&2(
m2

^Ry
2~m!&,

One can assume that the vortices are uniformely distribu
in the planes, and that they components of their positions ar
distributed on a line, separated each other by a distanceDL
5L/N1 .Then, thei th vortex is in the mean position̂Ri&
5DLi 5(DL/N1) i , with i 52N1/2•••N1/2:

(
m6

^R~m6!2&5 (
i 52N1/2

N1/2
L2

N6
2

i 25
L2

12N6
~N612!~N611!.

By consideringN6@1, one finally finds

(
m

t~m!^Ry
2~m!&'

L2

12
~N12N2!.

Then Eq.~A1! can be written

(
m

t~m!^cosqR~m!&5
HL2

F0
2q2

L4H

24F0
1o~q3!.
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