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We report on both small angle neutron scattering and magnetization measurements in thecubic
sK, BadBiO3 superconductor. We show that the flux lines are ordered into a hexagonal lattice at lo
field (B , Be , 0.6 T) and that the diffracted intensity continuously drops to zero as the magnetic field
is increased towardsBe. This intensity fall is attributed to a static Debye-Waller factor associated with
disorder induced longitudinal fluctuations of the vortex lines. We show thatBe lies close to the onset
of the anomalous “peak effect” in magnetization measurements, suggesting that this peak is related
the change in the structure of the vortex solid. [S0031-9007(99)09428-4]

PACS numbers: 74.60.Ge, 74.70.Dd
ry
e
he
ple

e

One of the most intriguing features that has been o
served in highTc superconductors is the presence of pe
effect in the critical current located at a field much small
than the upper critical fieldHc2. The origin of this peak re-
mains very controversial as it is still unclear if it should b
associated to some intrinsic change in the vortex struct
or rather to an inhomogeneous relaxation of theapparent
critical current. The situation is even more complicated
highly anisotropic cuprates as one has to take into acco
a possible decomposition of the vortices into 2D pancak
at high fields. However, this peak effect has also been o
served in the perfectly isotropic (cubic)sK, BadBiO3 sys-
tem [1] (Tc , 32 K for optimally doped samples) and is
thus not directly related to the quasibidimensionality o
the cuprates. In order to check whether this peak is
deed associated to some change in the vortex struct
we have thus performed both small angle neutron scatt
ing (SANS) and magnetization measurements on the sa
single crystal. SANS measurements are a very power
tool in the investigation of the nature of the vortex structu
[2–5] and have, for instance, been used to get a detai
description of the evolution of the vortex morphology as
function of the applied magnetic field in the region of th
peak effect in Nb single crystals [6].

The SANS experiment was carried out on the D1
line at the ILL-Grenoble on a large (,300 mg) single
phased nonoptimally doped crystal grown by electrochem
cal crystallization (Tc , 23.3 K). The magnetic field was
parallel to the incident neutron beam and the [111] ax
of the crystal. The penetration length (l) and supercon-
ducting coherence length (j) have been deduced from the
reversible part of the magnetization loops:ls0d , 3600 6

300 Å andjs0d ­ 45 6 5 Å [i.e., Hc2s0d , 16 T] in this
sample. Thisl value is very similar to the one which has
been reported recently in this system [7].

As shown on Fig. 1 (atT ­ 3 K), the SANS experiment
confirmed the existence of a hexagonal flux line lattic
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(FLL) in the sK, BadBiO3 system at low field. However,
the intensity of the diffraction peaks drops down ve
rapidly with increasing field. For a perfect FLL, th
intensity of the (1,0) peak obtained by integrating over t
sample and scattering angles (i.e., by rocking the sam
through the Bragg condition) is given by [2]

I10 ­ 2pfsmy4d2 Vl2
n

F
2
0q10

F2
10 , (1)

wheref is the incident neutron flux,m is the magnetic
moment of the neutron in nuclear magnetons (­ 1.91), V
is the volume of the sample,ln is the neutron wavelength
(­ 10 Å), F0 is the flux quantum,q10 is the (1,0) recip-
rocal lattice vector, andF10 is the form factor of the (1,0)

FIG. 1. Neutron diffraction pattern from the flux line lattic
in sK, BadBiO3 at T ­ 3 K and H ­ 0.1 T.
© 1999 The American Physical Society
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reflection which is related tol through

F10 ­
B

1 1 sq10ld2 . (2)

As already pointed out by Cubittet al. in BiSrCaCuO
[4], we did not observe any change in either the width
the rocking curve (s , 0.28± 6 0.02±) or the transverse
or radial size of the diffraction spots (within the accurac
of our data) but only a fall in the amplitude of the peak an
as shown in Fig. 2, even after correcting for the1yq10 field
dependence ofI10, the intensity still drops rapidly with
field. This fall has been first attributed to a decompositio
of the vortices into 2D pancakes in BiSrCaCuO [4]. How
ever, such an explanation can obviously not hold in o
cubic system, and we have thus assumed that this field
pendence is due to a static Debye-Waller factor associa
with the fluctuations of the vortex lines in the presence
point disorder. The diffracted intensity will thus be give
by [8]

Imes ­ I10 exps22p2ku2lya2
0d , (3)

wherea0 is the lattice spacing andku2l the mean square
displacement of the vortices which may include both flu
tuations in the position of the vortex lines from thei
ideal positions and uncorrelated fluctuations (wiggling
along the vortex lines [9]. The magnetic field depen
dence ofku2l1y2ya0 is shown on Fig. 3: The solid triangles
have been obtained from Eqs. (1)–(3) takingl ­ 3600 Å,
whereas the open triangles (dotted line) would correspo
to l ­ 4300 Å, i.e., assuming that the FLL is perfectly
well ordered at0.1 T. We have also reported on Fig. 2 th
ku2l1y2ya0 values deduced from Eq. (3) for BiSrCaCuO
[4] and YNi2B2C [5] samples assuming thatImes ­ I10 at

FIG. 2. Field dependence of the diffracted intensity aft
correcting for the1yq10 field dependence in Eq. (1) (from the
top to the bottomT ­ 3, 5, 8, 10, 13, 15, 18, 20 K—the lines
are a guide to the eyes). In the inset: Temperature depende
of the diffracted intensity renormalized atT ­ 0 K at H ­ 0.1,
0.2, and0.4 T; the dotted line is a two fluid model fit to the
data and the solid line af1 2 sTyTcd2.3g4 fit.
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low field (the field axis has been rescaled to the fieldBe

corresponding to a vanishingly small diffracted intensity
As shown, for all samples,ku2l1y2ya0 increases with field,
and the diffracted intensity finally drops beyond the e
perimental resolution forku2l1y2ya0 $ 0.3. As mentioned
above, the difference at low fields may be related to
ill-defined l value but is most probably due to the pres
ence of fluctuations in our sample even at low field. No
that ImessT , BdyImessT ­ 0, Bd is field independent on a
large temperature range (small deviations can be obser
at high temperature due to the decrease of the entanglem
field with T —see below) indicating that the Debye-Walle
factor is mainly static in our system. However, as show
in the inset of Fig. 2,ImessT d , 1ylsT d4 decreases faster
than the predictions of the two fluid model (dotted line
and, as already observed by Yethirajet al. in YBaCuO
samples [3],ImessT d can actually be well described by a
f1 2 sTyTcdng2 law with n , 2.3 (solid line) instead of
n ­ 4 in the two fluid model.

It has been suggested [10] that the formation of disloc
tions may become energetically favorable forku2l1y2ya0 .

c, wherec is a numerical factor of the order of,0.2 0.3
(in analogy with the Lindemann number) in good agre
ment with our experimental value. In the so-called sing
vortex regime (i.e., at low fields), this condition is satisfie
when the magnetic field reaches the entanglement fieldBe

which is of the order of [10]

Be , c5 F0

j2

√
Lc

j

!3

, (4)

for isotropic samples (Lc is the collective pinning length
i.e., u , j for a vortex lengthL , Lc). Taking c ,
0.25 0.3 andBe , 6000 G, one gets an estimation of the

FIG. 3. Magnetic field dependence of the vortex displac
ment ku2l1y2ya0 deduced from Fig. 2 using Eq. (3) (the lines
are a guide to the eyes) forsK, BadBiO3 (solid triangles,
l ­ 3600 Å; and open triangles,l ­ 4300 Å—see text for
details), YNi2B2C from [5] (circles) and BiSrCaCuO from [4]
(squares).
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collective pinning lengthLc , 70 90 Å at low tempera-
ture. This smallLc value shows that there is a rather larg
amount of weak pinning centers in our sample which a
probably related to an inhomogeneous potassium dis
bution. Note that this entanglement transition can b
observed either for large disorder, i.e., smallLc values
[sK, BadBiO3] or a large anisotropy (BiSrCaCuO [11] or
NdCeCuO [12]), and may actually be shifted towards ve
high fields in high quality YBaCuO single crystals.

The fluctuations can be divided into two types of dis
placements [9]: fluctuations in the position of the vor
tex lines anduncorrelatedwiggling along the vortex line.
However, modifications of the lattice parameter are e
pected to show up in the width of the rocking curve a
a f2usda0ya0dg2 contribution [13] tos2 (whereu is the
diffraction angle) in clear disagreement with our exper
mental data (s ­ const, 0.28± 6 0.02±). This suggests
that, in our case,u is related to uncorrelated wigglings
of the vortex lines which show up as an “apparent” fiel
dependentl. The characteristic longitudinal fluctuation
length L0 can be deduced fromu in the single vortex
regime assuming that [14]ku2l1y2 , jsL0yLcd0.6 and one
getsL0 , a0 for our experimentalu, j, andLc values in
good agreement with [10] (L0 , 2ea0). Note thatL0 is
much shorter than the longitudinal correlation lengthjL

which can be deduced from the width of the rocking curv
jL , 1yq10s , 30a0.

The fieldBe can be estimated by extrapolating the dif
fracted intensity linearly to zero. As shown on Fig. 2
Be is almost temperature independent on a large tempe
ture range and finally decreases in the vicinity ofTc. A
temperature independent entanglement field has actua
been obtained by Monte Carlo simulation in the so-calle
3D-XY regime (by analogy with random ferromagnets
[15]. However, neglecting thermal fluctuations which
would smooth out the static disorder,Be is expected to vary
asL3

cyj5 [see Eq. (4)]. As pointed out by Gilleret al. in
NdCeCuO crystals [12], a decrease ofBe is consistent with
the d-Tc pinning model (i.e., pinning induced by fluctua
tions in the critical temperature) for whichLc , j2y3 and
BesT d , 1yjsT d3 (in contrast with thed-l pinning regime
for which Be is expected to increase with field:Be , j

[14]). As an example, we have reported on Fig. 4 a fit
our data using Eq. (4) withjsT d ­ j0yf1 2 sTyTcd4g1y2

[12]. Note that Eq. (4) has been derived in the single vo
tex regime and, even if it will probably provide a good
estimation ofBe, its application in our system may not be
completely correct sinceL0 , a0 and interactions between
vortices should thus not be neglected anymore.

Finally, we are comparing the magnetic fieldBe ob-
tained from the SANS experiment to the field correspon
ing to the onset of the increase in the current densityJ
deduced from the widthDM of the magnetization loops.
Indeed, we have shown [16] that the nonlinear response
the ac susceptibility can be very well described by the bu
pinning model andDM is thus directly proportional to the
4932
e
re
tri-
e

ry

-
-

x-
s

i-

d

e:

-
,
ra-

lly
d
)

-

to

r-

d-

of
lk

FIG. 4. Low field part of theH-T phase diagram of the
sK, BadBiO3 system. The fieldBe (circles) is obtained by
extrapolating the diffracted intensity to zero [the solid lin
is a fit to the data following Eq. (4)] and the irreversibility
field Birr (crosses) is obtained from the magnetization loop
[Birr corresponds toDM ­ 1y1000 of its maximum value—
the solid line is as1 2 TyTcd1.6 fit to the data].

bulk critical currents [17]. As shown on Fig. 5, the centra
peak can be well described by a power law behavior, a
the fieldBe deduced from the SANS experiment coincide
very well with the onset of the deviation from this powe
law dependence. Even if it is much more difficult to defin
a criterium for the increase ofJ in the sK, BadBiO3 sys-
tem than it is in BiSrCaCuO [11] and NdCeCuO [12] (fo
which the magnetization loops reveal a very sharp onse
the current density), the fieldBe clearly lies in the vicin-
ity of the peak anomaly. Note also that magnetic loo
are nonequilibrium measurements which may be affect
by creep phenomena leading to a time dependent posit
of the peak. However, we have shown that the shape

FIG. 5. Magnetic field dependence of the current density
T ­ 4, 8, and12 K. The arrows are marking the position o
the field Be corresponding to the complete loss of diffracte
intensity in the SANS experiments.
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the magnetization curves becomes independent of the
perimental time scale below,Tcy2 in sK, BadBiO3 [1].
Similarly, it has been shown recently [18] that the pea
may split into two different peaks between,70 and80 K
in YBaCuO:Ph (high field peak) andPl (low field peak),
wherePl is visible up toTc in twinned samples and is re-
lated to a change in the vortex dynamics, whereasPh is
independent of the time scale (i.e., probably related toBe)
and tends towards the so-called critical point of theH-T
phase diagram as usually observed in BiSrCaCuO samp
[11]. The presence of this critical point is an importan
feature of theH-T phase diagram in cuprates as it mark
the crossover from a first order lattice-liquid transition a
low fields to a second order glass-liquid transition at hig
fields. However, as shown in Fig. 4, this point is abse
(i.e., shifted down toTc) of the H-T phase diagram in
the sK, BadBiO3 system. There is thus no direct transi
tion from the solid to the liquid in agreement with ou
magnetotransport data which could be well described
the vortex glass scaling theory on theentire field range
[19]. The static disorder thus probably plays a crucial ro
in the melting process as expected from the rather sm
thermal fluctuations insK, BadBiO3 (the Ginzburg number
Gi , 1024 1025 is intermediate between highTc oxides
and conventional lowTc materials). TheH-T phase dia-
gram of Fig. 4 is in very good agreement with recent Lon
don Langevin simulations [20] and may be characteristic
disordered systems.Birr has been deduced from the mag
netization curves, and we have shown in other samples t
this field coincides very well with the vortex glass trans
tion line in sK, BadBiO3.

The evolution of the morphology of the vortex structur
with field in our system is actually quite different from
the one that has been observed in Nb single crystals [
Indeed, in this latter case, it has been shown that the
plane positional order is first completely lost close to th
minimum of Jc (the vortex phase becomes hexatic) an
that the orientational order is finally lost at the locatio
of the peak but the corresponding amorphous phase
still constituted of rigid lines. InsK, BadBiO3 we did
not observe any significant change in the shape of t
diffraction spots but only a fall in the intensity which is
completely lost close to the onset of the peak due to t
entanglementof vortices.

In summary, we have shown that there exists an order
hexagonal lattice forB , BesT d in the cubicsK, BadBiO3
superconductor. The loss of diffracted intensity with in
creasing field coincides well with the onset of the increa
in the current density deduced from magnetic measu
ments suggesting that the peak effect is indeed related t
change in the vortex structure.
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