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We have performed muon-spin-rotation measurements on the high-temperature superconductor
Bi2.15Sr1.85CaCu2O81d for a range of oxygen stoichiometries. The low-temperature in-plane penetration depth
lab was determined as a function of oxygen content. In addition, for each sample the crossover fieldBcr ,
separating the regime of three-dimensional and quasi-two-dimensional vortex behavior, was measured. It is
found thatBcr depends only on the penetration depth asBcr5F0 /lab

2 rather than on the superconducting
anisotropyg. This may be understood in terms of a system of vortices controlled predominantly by electro-
magnetic interactions. The results are contrasted with other materials, such as HgBa2Ca3Cu4O101d , where
Josephson coupling plays a more significant role.@S0163-1829~96!50546-1#

High-temperature superconductors~HTSC’s! are suscep-
tible to both static~pinning induced! and dynamic~thermal!
disorder. This is due to both the high transition temperatures
and the anisotropic superconducting properties which arise
from the layered structure of these compounds.1 The aniso-
tropic vortex behavior in HTSC’s has been the subject of
intense experimental ~see, e.g., Refs. 2–7! and
theoretical1,8–10 investigations. In this work we address the
dimensional crossover which occurs in the magnetic phase
diagram of highly anisotropic HTSC’s. In HTSC’s the
charge carriers are essentially confined to the CuO2 planes,
so that they exhibit quasi-two-dimensional~2D! supercon-
ducting properties. In a field, a useful model of such a lay-
ered system consists of 2D pancake vortices, where the pan-
cakes in neighboring planes interact via a combination of
tunneling Josephson currents and electromagnetic
interactions.11 Depending on the strength of these interac-
tions the pancakes form vortex-line-like objects with varying
degrees of rigidity. The response of such vortex lines to dy-
namic and static disorder along their length depends strongly
on the flux-line density. For fields greater than a characteris-
tic field Bcr the energetic cost of an in-plane shear deforma-
tion begins to outweigh that for a tilt deformation to occur on
the scale of the interlayer separations, and the system thus
adopts a more 2D character. Such a dimensional crossover
for Josephson-coupled pancake vortices is usually expected
to take place when the intervortex distance,a05AF0 /B,
equals the Josephson length,lJ5gs; hereF05h/2e is the
flux quantum andg5lc /lab is the superconducting anisot-
ropy, wherelc andlab are the penetration depths for cur-
rents flowing perpendicular and parallel to the CuO2 planes,

respectively. This results in the prediction of a crossover
field for the strongly Josephson-coupled case, which we shall
call B2D5F0 /(gs)

2, which is fairly temperature indepen-
dent for temperatures well belowTc . However, the relative
strengths of the different interlayer coupling mechanisms
~Josephson versus electromagnetic coupling! may radically
affect the vortex behavior in the low-field region of the phase
diagram,10 andBcr may no longer be equal toB2D .

Due to its extremely high anisotropy,
Bi2.15Sr1.85CaCu2O81d ~BSCCO! exhibits strong quasi-2D
behavior and therefore has attracted much interest. Of par-
ticular value are those experimental methods which micro-
scopically probe the vortex state, such as small-angle neutron
scattering~SANS!, nuclear magnetic resonance~NMR!, and
muon-spin rotation (mSR!. These have been crucial for un-
derstanding the nature of the unconventional phenomena ob-
served in HTSC’s, such as vortex lattice melting and
decoupling.4–6 We have recently shown by means ofmSR
that in BSCCO at low temperatures the in-plane penetration
depth is smaller than the Josephson lengthlab,lJ , and the
dominant coupling mechanism between the pancake vortices
is of electromagnetic origin over large regions of the phase
diagram.2 As a consequence the experimental determination
of g is very difficult, because it cannot be inferred from
measurements of the melting line or from angular-dependent
magnetization measurements.10 This dominance of the elec-
tromagnetic coupling also suggests that in generalg should
play a reduced role in determining the phase diagram.10 A
dimensional crossover in BSCCO has been observed by
mSR ~Ref. 4! and SANS,5 where it is apparent via the in-
creased effects of thermal and pinning disorder on the vortex
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lattice. At low temperatures and for fields higher than a char-
acteristic crossover fieldBcr , the enhanced susceptibility to
tilt deformations allows pinning sites to distort the vortex
lines in the lattice into a state which is highly disordered
along crystallographicc axis and which is more reminiscent
of a vortex glass than a vortex lattice. This crossover in
BSCCO may also be detected via measurements of magne-
tization versus the applied field. The hysteresis loops typi-
cally obtained are very different from those of a conventional
superconductor. They exhibit a characteristic double-peak
structure, which has been attributed to a variety of causes
such as surface barrier effects,12 a crossover from surface to
bulk pinning,13 sample inhomogeneities,14 and a 3D to 2D
transition.15 It has been the microscopic methods ofmSR and
SANS, in combination with magnetization measurements,
which have led to an improved understanding of this effect.
Such measurements show good agreement between the ap-
pearance of the so called ‘‘second peak’’ at a fieldHp in
M (H) loops, and a sharp change in the microscopic field
distribution at the same field~see Fig. 1!.16,17This change in
the field probability distribution is associated with an in-
crease inc-axis disorder above the crossover fieldBcr ,
clearly indicating a dimensional crossover.4 While it is the
influence of point pinning centers on the vortices which per-
mits an observable change in both themSR and magnetiza-
tion measurements, the sharpness of the crossover in field
suggests an underlying mechanism. Recent experiments to
examine the influence of increased random pinning onBcr ,
by irradiating BSCCO samples with high doses of 2.5 MeV
electrons, produced only an approximately 10% decrease in

Bcr.
18 However, much more significant shifts ofBcr are pos-

sible via oxygen doping. We have performed a systematic
study of BSCCO as a function of oxygen stoichiometry,
which is known to influence many of the superconducting
properties such asg andlab . This has allowed us to dem-
onstrate the very different properties of a vortex system
where electromagnetic coupling dominates the vortex behav-
ior. In particular, we have been able to identify clearly a
relationship between thecrossover field Bcr and thepenetra-
tion depthlab , which is the main result of this work.

The samples were grown using a floating zone technique
described elsewhere19 and then oxygen treated to give differ-
ent anisotropiesg and low-temperature penetration depths
lab(0). The experiments were performed on beamline
pM3 at the Paul Scherrer Institute, Switzerland and at the
ISIS MUSR facility at the Rutherford Appleton Laboratory,
UK, using experimental setups as described in Refs. 3 and 4.
In amSR experiment the spin-polarized muons precess in the
local internal field of the mixed state of the superconductor.
From the distribution of these precession frequencies the
field probability distributionp(B) can be determined. For a
lattice structure consisting of straight vortex lines~3D vortex
lattice! p(B) is expected to show a long tail at high fields
~higher than the applied field! due to muons stopping in the
vicinity of a vortex-line core. The field distribution for a 3D
lattice is therefore expected to be weighted towards fields
higher than the average, resulting in a positive skewness of
p(B). One way to quantify the skewness of the distribution
is by the ratio of the third and the second moments
a5^DB3&1/3/^DB2&1/2. Numerical simulations of our experi-
ments predict a value ofa51.2 for a 3D vortex lattice, mea-
sured under the conditions of the experiment.4 Assuming a
constant in-plane order in the lattice, forB.Bcr the increas-
ing c-axis disorder, due to pinning and thermally induced
vortex fluctuations, leads to a truncation of the high-field
tail20 and therefore to a narrowed and more symmetric line
shape. This has been shown experimentally to occur as
a→;0.5. These arguments are also discussed in Refs. 4
and 17 and lead to an identification of the crossover field
from mSR with a drop ina, as shown in Fig. 1. The obser-
vation of the crossover field is also possible from SANS
experiments and is indicated by the loss of scattered neutron
intensity due to the loss of short-rangec-axis order.5

ThemSR technique allows a determination of the super-
conducting penetration depthlab from the measured line
shapes. The most commonly used method to extractlab is
via the linewidth^DB2&}lab

24. This is in fact not the most
reliable approach for single crystals that exhibit line shapes
arising from an almost ideal vortex-line lattice. In this case
the long high-field tails, arising from fields close to the vor-
tex cores, are often underestimated due to their low probabil-
ity densityp(B), which is of the order of the spectral noise
for realistically achievable experimental statistics. This often
leads to a significant underestimate of the linewidth^DB2&
and thus to an overestimate oflab . A more reliable method
is to use the separation of the modeBsadand mean̂B& of the
probability distributionp(B). This gives21

^B&2Bsad5 ln2
2

3

F0

4plab
2 . ~1!

FIG. 1. The skewness parametera5^DB3&1/3/^DB2&1/2 of the
mSR line shape as a function of the applied field Hext , for the
overdoped BSCCO sampleS2 after cooling at each field to a tem-
perature of 5 K. The line shape and correspondinga observed
below the crossover field Bcr are characteristic of a vortex-line lat-
tice ~see text!. Increasingc-axis disorder aboveBcr results in a
symmetricmSR line shape, displayed by a decrease ina at the
crossover fieldBcr .
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Bsad and ^B& may be determined from the measured
spectra p(B) with a much reduced systematic error
compared to ^DB2&, and ^B& may also be checked
independently via magnetization measurements from
^B&5m0@Happ1(12n)M #, whereHapp is the applied field,
M the magnetization andn the demagnetization factor.

We have performed experiments on an as-grown single
crystalS1, on a slightly over-doped single crystalS2 and on
a mosaic of nearly optimally doped single crystalsS3. For
each of these samples we determined the crossover field
Bcr by measuring the field-cooledmSR line shape as a func-
tion of applied field. The crossover is clearly apparent as a
marked narrowing of the linewidtĥDB2& at Bcr , or as a
simultaneous reduction in the skewness of the line shapea,
as shown in Fig. 1. From data taken atB,Bcr we have also
determinedlab(0) for each of the samplesS1 ,S2 ,S3 using
Eq. ~1!. The results are summarized in Table I. For compari-
son we have also included other measurements on BSCCO
taken from Ref. 7, and on the similarly anisotropic com-
pound Tl2Sr2Ca1Cu2O81d ~Tl-2212! from Ref. 12. These
measurements use the observation of the second peak Hp in
magnetization measurements as an indication of the cross-
over field Bcr . In Fig. 2 the experimental values of the cross-
over fieldBcr are plotted as a function oflab

22(0). Thepro-
portionality between the two quantities is obvious.
Moreover, the slope of the straight line is equal to the flux
quantumF0 , showing thatBcr5F0 /lab

2 (0). This result is at
first rather surprising, since for a Josephson-coupled system
one would expect that the crossover should occur at
B2D5F0 /(gs)

2. However, as we shall discuss below, this
result is not totally unexpected given that BSCCO and Tl-

2212 are dominated by electromagnetic interactions. We
have not included data from Ref. 17 in whichBcr was deter-
mined both bymSR and magnetization measurements in Fig.
2 and in Table I. This is because in that paperlab is esti-
mated from themSR linewidth, which systematically over-
estimates the value of the penetration depth as described
above. Due to the complexity of the magnetic phase diagram
of BSCCO, it is difficult to perform a more appropriate
analysis of their line shape without access to a more com-
plete data set than that given in Ref. 17. However, we note
that the range of values of^B&2Bsad}lab

22 in their work is
consistent with the range ofBcr they measure. In Table I, we
have also included recent results on a ‘‘second peak’’ in
M (H) loops taken on single crystal HgBa2Ca3Cu4O101d
~Hg-1234! using the technique of high-precision torque
magnetometry.22 For this Hg-1234 sample the anisotropy and
penetration depth were measured in angular-dependent
torque measurements, yielding g552.6(5) and
lab5130(20) nm.23 Thus in contrast to the other samples
studied, for this samplelab(0).gs580(20) nm,which is
the condition for Josephson coupling to dominate over elec-
tromagnetic coupling.10 Furthermore, this material fails to
obey the relationBcr5F0 /lab

2 (0), and infact is much better
described byB2D5F0 /(gs)

25280(60) mT, in fair agree-
ment with the measured crossover field of 230~15! mT. For
all of the other samples investigated the conditionlab,gs
holds, implying the dominance of electromagnetic coupling

TABLE I. The experimentally determined penetration depth
lab and the crossover fieldBcr for the samples studied in this and
other works. Also given is the calculated crossover fieldF0 /lab

2 .
The fields are given in mT. For the BSCCO and Tl-2212, with
lab,gs, these values agree well with the experimentally deter-
minedBcr . For these samples we estimate the lower bound forg by
takingBcr as an upper bound forB2D ~see text!. The value for the
anisotropy given for the Hg-1234 sample is measured by means of
high-precision torque magnetometry~Ref. 23!. Note that for this
Hg-1234 sample (s51.5 nm! lab.gs, and that the experimental
crossover is better described by the conventional relation
B2D5F0 /(gs)

2 rather than byF0 /lab
2 as expected.

sample lab~nm! Bcr
exp F0 /lab

2 g

BSCCOS1
a 270~10! 29~2! 28~2! .180

BSCCOS2
a 180~10! 67~2! 64~5! 170f

BSCCOS3
a 260~10! 32~3! 31~2! .175

BSCCOb 180 64~2! 64 .120
BSCCOb 240 38~2! 36 .160
BSCCOb 260 27~2! 30 .175
Tl-2212c 200 54~3! 52 .135
Hg-1234 130~20!d 230~15!e 122~20! 52.6~5!d

aThis work.
bReference 7.
cReference 12.
dReference 23.
eReference 22.
fReference 2.

FIG. 2. The crossover fieldBcr as a function oflab
22(0) for

different samples. Open symbols correspond tomSR measurements
on samples studied in this work: circle:S1; square:S2; diamond:
S3. Filled diamonds are taken from Ref. 7 and are obtained from
magnetization measurements using Hall bar arrays. Filled circles
are from a Tl-2212 sample taken from Ref. 12, where the crossover
field is determined by magnetization measurements. The solid line
corresponds to the relationBcr5F0 /lab

2 which describes the data
without any adjustable parameter. These data are summarized in
Table I, also including additional data on the Hg-1234 compounds,
not shown in this plot~see text!.
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and the crossover field is found experimentally to obey
Bcr5F0 /lab

2 (0). Since in this case@lab(0),gs# it always
follows that Bcr.B2D , and Bcr may thus be taken as an
upper estimate ofB2D and hence can be used to provide a
lower limit for g. These values have also been included in
Table I. The previously published values ofg from Ref. 17
should thus be regarded as lower bounds for the true anisot-
ropy. It has recently been shown theoretically10 and
experimentally,2 that for lab(0),gs the dominant role of
electromagnetic coupling implies that over most of the phase
diagram the melting or decoupling line does not depend on
g. Thus attempts to extract the value ofg in this way may
provide an even worse estimate.3,7 The value ofg is only
important in the description of the high-temperature region
of the phase diagram, and in BSCCOg can be inferred from
the melting line only above the characteristic temperature
Tem.10 For sample S2 it has been shown recently2 that Tem

. 70 K. From this characteristic temperatureg was esti-
mated to be;170 for that sample. This value has also been
included in Table I. We note that the value forB2D;30 mT
resulting from such ag coincides with the apparent roll off
of a visible in Fig. 1.

For a vortex system dominated by electromagnetic inter-
actions at low temperature,lab,gs, and the fieldB2D

5F0 /(gs)
2,Bcr5F0 /lab

2 (0). In general the energetic cost
of shear deformations of the lattice should increase relative
to tilt deformations forB.B2D . However, for the situation
lab(0),gs the flux-lines are only weakly interacting within
the planes atB2D , since the lattice parametera05gs@lab
and hence the vortices are still dilute. A more significant
effect occurs asa0 decreases belowlab for fieldsB.Bcr . It

is then that the vortices begin to overlap strongly and there is
a crossover from an exponential to a linear field dependence
in the shear modulusc66 of the system.10 It might then be
expected that short wavelength tilt deformations of the lattice
would become increasingly more likely, leading to a more
quasi-2D behavior. Thus forB.Bcr the vortices are more
susceptible to disorder along the field axis, which can arise
from either pinning or thermally induced fluctuations of the
vortices about their average position.

In conclusion, we have shown that for a range of BSCCO
samples the anisotropy is sufficiently large that the pancake
interactions are largely dominated by electromagnetic rather
than Josephson coupling (lab,gs). This is revealed by
means of the crossover fieldBcr , which obeys
Bcr5F0 /lab

2 rather thanBcr5B2D5F0 /(gs)
2. This is also

observed in the Tl-2212 sample which has a similar anisot-
ropy to BSCCO. For the less anisotropic Hg-1234 com-
pound, withlab(0).gs, the more conventional expression
for the crossover fieldB2D5F0 /(gs)

2 appears to be satis-
fied. The observed behavior of anisotropic layered supercon-
ductors with dominant electromagnetic coupling may be
qualitatively explained as arising from the crossover in the
ratio of the shear modulusc66 to the tilt modulusc44, which
occurs asB increases aboveBcr , where the vortices begin to
overlap strongly.
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