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Angular dependence of the disorder crossover in the vortex lattice of Bi2.15Sr1.85CaCu2O81d

by muon spin rotation and torque magnetometry

C. M. Aegerter, J. Hofer, I. M. Savic´, and H. Keller
Physik-Institut der Universita¨t Zürich, CH-8057 Zu¨rich, Switzerland
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Using the techniques of muon spin rotation and torque magnetometry, we investigate the crossover fieldBcr

in Bi2.15Sr1.85Ca1Cu2O81d at which the vortex lattice becomes disordered along the field direction. It is found
thatBcr scales as the projection of the applied field along the perpendicular to the superconducting planes. This
has the implication that a field large enough to give a disordered lattice when applied perpendicular to the
planes, can give a well-ordered vortex-line lattice for angles of the field to thec axis greater than a critical
value.@S0163-1829~98!09401-6#
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I. INTRODUCTION

Cuprate superconductors exhibit a strongly anisotropic
perconducting behavior. This is due largely to their laye
structure, which favors supercurrents flowing in the Cu2

planes. The high-temperature superconduc
Bi2.15Sr1.85Ca1Cu2O81d ~BSCCO! is extremely anisotropic
quantified by the anisotropy parameterg5lc /lab;150,
wherelc ,lab are the penetration depths for currents flowi
perpendicular and parallel to the superconducting plan
This extreme anisotropy, together with the high operat
temperatures of these high-Tc superconductors, leads to ve
unusual behavior of flux vortices, such as vortex latt
melting.1,2

In highly anisotropic systems such as these, the flux li
are best viewed as a weakly coupled stack of quasi-t
dimensional~2D! ‘‘pancake’’ vortices, each confined to
superconducting plane.3–5 At low fields and temperature
these stacks may resemble conventional vortex lines,
with increasing fields the response of the system to ela
deformations will change. In this continuum limit the elas
constants used to describe the system are highly disper
Above a certain field the energetic cost of interlayer def
mations of the lattice, on small scales, becomes less than
cost of intralayer deformations within the superconduct
planes. In the extreme limit, where this length scale equ
the interlayer separation, positional fluctuations can then
cur between the pancake vortices in adjacent layers bel
ing to a vortex line. A characteristic field, above which d
order along the field direction occurs, has been identified
BSCCO using muon spin rotation (mSR! and small-angle
neutron scattering~SANS!.4–6 This could be identified with
the onset of ‘‘vortex entanglement,’’ as predicte
theoretically.7 PreviousmSR studies have suggested that t
characteristic wavelength in thec direction of transverse
fluctuations of vortices may be comparable to the interla
570163-1829/98/57~2!/1253~6!/$15.00
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separations, so one might view this as a ‘‘dimensional cros
over.’’ We shall simply refer to this as the crossover fie
Bcr . This crossover is closely related to the so-called ‘‘fis
tail’’ or ‘‘second-peak’’ effect in magnetization hysteres
loops. Many authors have ascribed the fishtail solely to p
ning effects,8,9 although it has been shown that the value
the magnetic field at which amicroscopicchange in the vor-
tex structure, as observed at low temperatures withmSR,
coincides exactly with the appearance of the fishtail.10,11This
microscopic change of the flux structure aboveBcr is prob-
ably accentuated, since short segments of the softening
tex lines can adjust more easily to the random pinning
tential. A static disordering of the vortex lines along the
length thus occurs. We note that many observable feature
this crossover occur because of the influence of the p
pinning sites on the vortex lines. This is true for magnetiz
tion peak effects,mSR, and small-angle neutron-scatterin
~SANS! measurements.4,5,10,11,6For instance, in macroscopi
magnetization measurements the fishtail is due to a sud
increase of the magnetization, which arises from a chang
response of the vortices to pinning. We note, however, t
these changes most likely reflect the underlying change
the effective rigidity of the vortex system.

For a strongly Josephson coupled systemBcr occurs when
the vortex separationa equals the width of the Josephso
vortex coregs , which givesBcr5BJ;fo /(gs)2, wherefo
is the flux quantum. Recent work suggests that in system
very large anisotropy, such as BSCCO, this expression m
need to be modified in in the limitlab,gs.5,12,13 This is
because at the field wherea first exceedsgs, the vortices are
still rather dilute, so are well correlated along thec direction
and little distorted by intraplane interactions. The crosso
is therefore pushed to a higher fieldBcr5Bl;fo /lab

2 ,
which is the field where the vortices start to overlap strong

In this paper we present studies of the angular depende
of the crossover field in BSCCO. We combinemSR mea-
1253 © 1998 The American Physical Society
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1254 57C. M. AEGERTERet al.
surements with torque magnetometry, and show that the
natures revealing the crossover field by both techniques
well correlated. The simple scaling relation which is revea
leads to a simple interpretation of the angular dependen

II. EXPERIMENT

The BSCCO samples used for themSR experiments con
sisted of a mosaic of overdoped single crystals (Tc585 K!,
grown using a floating-zone technique describ
elsewhere.14 The platelike samples, which have theirc axes
perpendicular to their largest face, were mounted with th
axes perpendicular to the sample holder. ThemSR measure-
ments were carried out on beamlinepM3 at the Paul Scher
rer Institute, Villigen, Switzerland, and the torque measu
ments on a homebuilt torque magnetometer at University
Zurich using one single crystal taken from themSR mosaic.

The mSR experiment uses surface muons of momen
29 MeV/c, which are spin polarized with their spins perpe
dicular to their momentum direction. The sample is subjec
to a magnetic field which is directed parallel to the incide
muon momentum. The muons decay after an average
time of 2.2ms, emitting positrons preferentially along the
spin direction.15 The muons arrive randomly at the samp
where they rapidly thermalize and then precess in the lo
magnetic field. Before the muons hit the sample they p
through a muon detector which starts a clock. Positron
tectors placed around the sample measure the number of
itrons emitted along a given direction as a function of t
clock time. Logic gating of the pulses ensures that the o
events accepted are those in which only one muon is pre
in the sample at any given time. By time-binning large nu
bers of the detected positron events, a time spectrum is
up which reflects the muon precession within the sam
Inside the mixed state of the superconductor the presenc
the vortex lattice gives rise to a spatial modulation of t
local flux densityB(r ). Since the muons are implanted ra
domly with respect to the vortex lattice, the range of prec
sion frequencies reflects this internal flux distribution. B
Fourier transforming the muon time spectra one obtains
mSR line shape, or frequency distribution. This is an exc
lent measure of the probability distribution of internal fie
values of the superconductor,p(B). The mSR line shape is
thus intimately related to the spatial distributionB(r ), so can
be used to deduce important structural information on
vortex lattice.4,16,5,12

For our analysis we require themSR line shape, which is
a Fourier transform of the positron decay spectrum, in or
to obtainp(B). While conventional Fourier methods may b
used, we prefer to utilize a maximum entropy method wh
suppresses noise due to Poisson counting statistics w
would always be present in a conventional Fourier analy
technique.17 This is useful if one wants to perform systema
analysis on moments ofp(B), which can be extremely sen
sitive to the presence of random noise. Without any c
straints, a uniformly flat distributionp(Bi)5const will maxi-
mize the entropy

S5( p~Bi !ln„p~Bi !/di…, ~1!
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wheredi represent default values, which in the analysis w
assumed to constitute a flat distribution. In order to obt
the desired field distribution, maximizing the entropy has
be constrained by the data. This is done by introducing
usual quantityx25((ni2yi)

2/s i
2 , where ni are the time

domain data, after correction for the exponential decay of
muon,s i

2 are the associated experimental errors, andyi con-
stitute the Fourier transform of the calculated field distrib
tion. We then obtain the desired field distribution by min
mizing the quantity

L5S2lx2, ~2!

wherel is a Lagrange multiplier. In this way our maximum
entropy algorithm results in the most uniform distributio
which is consistent with the data. Some degree of freedom
weighting thex2 argument with respect to the entropy arg
ment can now be gained by artificially increasingx2 through
scaling the errorss i by a small fraction. One can thus opt
mize the agreement between the data and the calculated
distribution by increasing the weight ofx2. The criteria we
use is to choose that scaling factor which is closest to un
but which will not increase the noise in the distribution su
that the moments can no longer be calculated with co
dence. That is, we aim to produce a spectrum which is
outside of the region of interest. Once this has be
achieved, the scaling factor must remain constant for
remainder of a systematic analysis. In the following analy
we used a scaling factor of 1.03. While the choice of t
parameter can lead to systematic variations in the spe
these should be compared with variations which may be
troduced in conventional Fourier techniques, such
apodization of the time window. In our method the data its
never undergoes Fourier transformation, so we avoid pr
lems associated with transforming experimental noise. T
moments of the distribution may thus be easily evaluated.
avoid artefacts due to systematic variations, for a giv
analysis we ensure that all data sets have similar coun
times and hence similar errors. In summary, the maxim
entropy technique should be used with care, but corre
used it provides a very powerful method for examini
subtle details of themSR spectra, not easily possible by oth
techniques.

For themSR measurements the sample was mounted
an Fe2O3 backing plate, as described in Refs. 4,18. The p
pose of this is to reduce the contributions to themSR spectra
from those muons which to do not stop in the sample,
which land outside of the sample or pass through if
samples are thin. Any muons landing in the antiferromag
Fe2O3 rapidly depolarize, outside of the observable tim
window. The recorded spectra thus arise only from muo
inside the superconductor. By rotating the sample hold
measurements could be performed for many angles of
applied field to the crystallographicc direction. This allowed
the angular dependence of the vortex behavior to be de
mined.

The magnetization data was gathered using torque m
netometry. The BSCCO crystals were measured using a
tilever sensor constructed from phosphor bronze~see Ref.
19!. A magnetic momentmW in a fieldBW experiences a torque
tW5mW 3BW . In our torque magnetometer this torque is me
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57 1255ANGULAR DEPENDENCE OF THE DISORDER . . .
sured by the deflection of a capacitive spring.19 Except for
angles of the field very close to theab planes,mW is always
directed along thec axis, somW can readily be calculated from
the measured torque.

III. RESULTS AND DISCUSSION

The field distribution in the mixed state of type-II supe
conductors has been calculated, e.g., by Sidorenkoet al.20

For a lattice of straight vortex lines, the field distributio
shows a distinct weighting towards fields higher than
average. This is due to the very high fields present in
vortex cores. This is illustrated in Fig. 1~a!, which shows a
measured line shape for BSCCO with a field of 10 mT
rected along thec direction. The expected distribution abov
the crossover field is quite different, as disorder along
flux lines effectively smears the core fields, thus leading t
truncation of the high-field tail in the field distribution, a
illustrated in Fig. 1~b!. The crossover field can therefore b
observed in both the width of the distribution and its sha
as it should become much more symmetric with the trun
tion of the high-field tail.5,4 We quantify the skewness of th
field distribution by a quantity derived from the ratio of th
third and second moments

a5
A3 ^DB3&

A^DB2&
. ~3!

A positive value ofa indicates a weighting of the distribu
tion towards high fields. A symmetric distribution will b
quantified bya50. For an ideal lattice of vortex lines,a is
expected from numerical simulations to be;1.2 for our ex-

FIG. 1. Probability distributions of internal flux densityP(B) in
BSCCO at 5 K, as determined bymSR, for fields applied parallel to
thec direction.~a! Thep(B) for an applied field of 10 mT, showing
a typical line shape for a vortex line lattice. The tail towards hi
fields arises from fields close to the vortex cores~see text!. ~b! A
typical line shape for fields above the disorder crossoverBcr . The
truncation of the high-field tail arises from a wandering of the v
tex line along the field direction~see text!.
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perimental setup. In Fig. 2 we show the field dependence
a for different angles. The crossover field is manifested b
drop ina from its initial value of;1.2 to;0.6, indicating a
much more symmetric line shape. It can be seen in the fig
that the crossover takes place at higher fields and is
smeared over a wider range of fields if the applied field is
a large angle to thec axis. We determine the crossover fie
from the point wherea becomes approximately independe
of the applied field. This occurs at a lower value ofa;0.6,
where we have applied the same criterion previously use
determine the crossover field parallel to thec axis.4,5

The results ofBcr(q) are summarized in Fig. 3. We hav
also determinedM (H) loops at various different angles o
the field with respect to thec axis. As is well known in the
literature, theseM (H) loops exhibit a characteristic structur
showing two peaks, as shown in Fig. 4~a!. In Fig. 4~b! it can
be seen that the microscopic change in the field distribu
observed bymSR takes place at the deviation of the magn
tization from the usual type-II behavior, that is, around t
second peak inM (H).10,11To agree with the observed cros
over in themSR data, values of the crossover field in Fig.
from torque magnetometry are determined from the poin
maximum slope of the magnetization at the second pe
which may be seen from the differential of the magnetizat
also plotted in Fig. 4~b!. We see from Fig. 3 that the angula
dependence of the crossover field as determined by the
methods ofmSR and torque magnetometry both agree, a
are well described by the relation

Bcr~q!'Bcr~0!/cos~q!. ~4!

The crossover field thus effectively depends upon the pro
tion of the applied field along thec direction. This appears to
be in accord with the scaling approach of Blatteret al.,21 for
anisotropic superconductors in the presence of isotropic
order. This would predict an angular scaling

-

FIG. 2. The field dependence of the skewness param
a5^DB3&1/3/^DB2&1/2, which describes themSR line shape. The
data is measured after cooling to 5 K, in a field applied at vario
anglesq to thec direction. The disorder crossover field is indicate
by an arrow, wherea has dropped from its initial value of 1.2 to
;0.6 ~see text!. The crossover field clearly depends on the angle
the applied field to thec axis.
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1256 57C. M. AEGERTERet al.
Bcr~q!5
Bcr~0!

~cos2q11/g2sin2q!1/2
, ~5!

which for large g reduces to Eq.~4!. This agreement is
however, rather suprising, given that the crossover occur
low field, outside the region of validity of the Blatter scalin
relation.

With reference to Fig. 2, we note that the apparent roll
of a at around 25 mT is remarkably angle independent.
Ref. 12 it was shown that around 20 mT there exists
change in the temperature dependence of the vortex la
melting line, as measured bymSR. This was found to be
highly consistent with the predictions of Ref. 22 , whic
considers the role of electromagnetic coupling in determ
ing the phase diagram of BSCCO. This position of this fe
ture in the melting line has been interpreted
BJ;F0 /(gs)2, the field where the cores of the Josephs
vortices start to overlap.12,22 In Ref. 5 the onset of the angle
independent rolloff ina as a function of field was also ass
ciated withBJ . This may be understood as the field abo
which Josephson currents become ineffective at scree
the phase fluctuations arising from pancake vortex displa
ments in neighboring layers. Electromagnetic coupling th
begins to dominate the single vortex line tension, wh
could lead to a ‘‘softening’’ of the vortex lines at short
length scales.

Another manifestation of the angular dependence of
crossover field arises from the angular dependence of
second moment of themSR line shape. For a lattice o
straight vortex lines, the second moment is expected to s
with the angle of the field with respect to thec axis as18,20,23

FIG. 3. The angular dependence of the crossover field
BSCCO, as determined from different methods. Open symbols
mSR measurements obtained from the field dependence of
skewness parametera ~circles! and from the angular dependence
themSR linewidth~squares! ~see text, Fig. 5!. The error bars in the
mSR measurements originate from an uncertainty in the alignm
of the crystals of the mosaic used in the measurements. F
circles are derived from torque measurements, where the cross
field is determined from the appearance of a second peak inM (H)
loops ~cf. Fig. 4!. The solid line corresponds to Eq.~4!.
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^DB2&1/2~q!5^DB2&1/2~0!~cos2q11/g2sin2q!1/2, ~6!

which for compounds as anisotropic as BSCCO reduce
^DB2&1/2(q)5^DB2&1/2(0)cos(q). This behavior is due to
the direct connection of themSR linewidth with the penetra
tion depth of the samples and has been observed in the m
erately anisotropic YBa2Cu3O61x .24 For fields below the
crossover field we observe a similar angular dependenc
BSCCO as is evident from Fig. 5. For fields well above t
crossover field, however, a linewidth only weakly depend
on the angle of the applied field is observed~cf. Fig. 5, Ref.
18!. This can be understood in terms of the pinning-induc
disorder of the vortex lattice aboveBcr , as described above
Random lateral displacements of vortices in neighboring l
ers, due to pinning will induce phase fluctuations of the or
parameter. This will also lead to a random array of Jose
son vortices, generating fields parallel to the planes. Ther
thus a large variation in the local field distribution arisin
from all components of the internal field. Hence, disord
continues to dominate the field distribution, even when
field is tilted away from thec axis. As a result, the secon
moment remains largely independent of angle, even for q
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FIG. 4. ~a! A typical M (H) loop as obtained from torque mag
netometry. The field is at an angle of 2.5° to thec axis. ~b! The
mSR line-shape parametera as a function of field applied paralle
to c, indicating the microscopic change in the field distribution
Bcr . The differential of the curve in~a! is also overlaid, from which
it can be seen that the maximum slope in the magnetization c
cides with the crossover field as defined in Fig. 2. We thus de
mine the crossover field fromM (H) loops from the point of maxi-
mum slope inM before the second peak~see text!.
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57 1257ANGULAR DEPENDENCE OF THE DISORDER . . .
large values ofq. An interesting phenomenon occurs if th
angleq is such that the component ofB along thec axis is
smaller than the crossover field,B cos(q),Bcr(0). In this
case the pancake vortices appear to move towards being
aligned along the field direction, which is manifest in tw
ways. Firstly, the asymmetry parametera rises towards its
ideal lattice value, as can be seen by the clear change of
shape at 90 mT, above and below;40°, in Figs. 5 and 6.
Secondly, the angular variation of the second moment rejo
the angular dependence which would be expected for a
ordered lattice, as depicted in Fig. 5. We interpret this
follows. The scaling of Eq.~5! implies that as the angle
increases above some critical angleqc , the applied fieldB
will be less than the angular-dependent crossover field,
is B,Bcr(qc). For high angles the lattice thus becomes m

FIG. 5. ~a! The second moment of themSR line shape as a
function of the angle of the field with respect to thec axis. For
fields lower than the crossover field~e.g., 40 mT! the angular de-
pendence is as expected for a lattice of straight vortex lines@Eq.
~4!#, whereas for very high applied fields~e.g., 300 mT! it is only
weakly dependent on the angle Ref. 18. This is due to the di
dered nature of vortex arrangement above the crossover field~see
text!. For intermediate fields, one observes a crossover betw
these two limits, as can be seen in the 90 mT data. From the a
at which the crossover happens (q'40° for 90 mT!, we have an-
other determination of the angular dependence of the cross
field. ~b! The line-shape asymmetry parametera @see Eq.~3!# as a
function of angle as above. At low fields~e.g., 40 mT! the value of
a is as expected for an ideal vortex line lattice~see text! for all
angles. At high fields~e.g., 300 mT! a is again independent of th
angle, but has a value reflecting the disorder present above
crossover. For intermediate fields~e.g., 90 mT! the rise ina above
some critical angle reflects the increasing order in the vortex lat
as B effectively falls below the crossover field~see text!. This
change ina is a measure of the change in the line-shapes see
Fig. 6. The data are all field-cooled measurements at 5 K.
ell

ne

s
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ordered. TakingB 5 90 mT yieldsqc;41°, consistent with
the observed change of behavior at;40°. Conversely, we
can thus estimate the value of the crossover field at cer
angles from such changes of behavior of the angular dep
dence of themSR linewidth. Some estimates of the crossov
using this method are also included in Fig. 3.

In conclusion, we have studied the disorder crosso
field in BSCCO using the techniques ofmSR and torque
magnetometry. We find that the crossover field scales w
the field component in thec direction. This result is obtained
from both a microscopic change in the field distribution
shown bymSR, and from the deviation ofM (H) loops from
the usual type-II behavior in the so-called fishtail. We ha
also studied the angular dependence of the width of the fi
distribution inmSR for different applied fields. We find th
expected angular dependence for fields below the crosso
whereas it is only weakly dependent on the angle for v
high fields. In an intermediate regime however, where
applied field isB*Bcr(0), we find amore complex behavior
observing a crossover of the lattice from disordered to q
siordered with increasing angle. From this we are also abl
determine the angular dependence of the crossover fi
which is in good agreement with that determined from t
skewness of the field distribution.
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FIG. 6. Examples of themSR line shapes measured below a
above the angle at which thec-axis component of the field falls
below Bcr(0). Thedata were measured after cooling in 90 mT a
plied at angles of;0° and;60°, respectively. It can be seen from
the line shape that at high angles, there is increased weighting
wards high fields, indicating that the vortices are more orde
along the field direction. This is because at high angles the app
field is effectively below the crossover field~see text!.
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