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

PACS numbers: 74.60.Ge, 74.70.Dd

One of the most intriguing features that has been ob¢FLL) in the (K, Ba)BiO; system at low field. However,
served in highT. superconductors is the presence of peakhe intensity of the diffraction peaks drops down very
effect in the critical current located at a field much smallerrapidly with increasing field. For a perfect FLL, the
than the upper critical fiel#.,. The origin of this peak re- intensity of the (1,0) peak obtained by integrating over the
mains very controversial as it is still unclear if it should be sample and scattering angles (i.e., by rocking the sample
associated to some intrinsic change in the vortex structuréhrough the Bragg condition) is given by [2]
or rather to an inhomogeneous relaxation of dpparent VA2
critical current. The situation is even more complicated in Lo = 2w (p/4)* —~
highly anisotropic cuprates as one has to take into account Poq10

a possible decomposition of the vortices into 2D pancakeghere ¢ is the incident neutron fluxy is the magnetic
at high fields. However, this peak effect has also been obnoment of the neutron in nuclear magnetors1(91), V
served in the perfectly isotropic (cubit, Ba)BiOs sys- s the volume of the samplg,, is the neutron wavelength
tem [1] (7. ~ 32 K for optimally doped samples) and is (= 10 A), &, is the flux quantumg, is the (1,0) recip-

thus not directly related to the quasibidime'nsionality erocal lattice vector, and, is the form factor of the (1,0)
the cuprates. In order to check whether this peak is in-

deed associated to some change in the vortex structure
we have thus performed both small angle neutron scatter-
ing (SANS) and magnetization measurements on the same
single crystal. SANS measurements are a very powerful
tool in the investigation of the nature of the vortex structure
[2-5] and have, for instance, been used to get a detailed
description of the evolution of the vortex morphology as a
function of the applied magnetic field in the region of the
peak effect in Nb single crystals [6].

The SANS experiment was carried out on the D11
line at the ILL-Grenoble on a large~300 mg) single
phased nonoptimally doped crystal grown by electrochemi-
cal crystallization [, ~ 23.3 K). The magnetic field was
parallel to the incident neutron beam and the [111] axis
of the crystal. The penetration length)(and supercon-
ducting coherence lengtlgY have been deduced from the
reversible part of the magnetization loop$0) ~ 3600 *

300 A and£(0) = 45 = 5 A[i.e., H»(0) ~ 16 T]in this
sample. This\ value is very similar to the one which has
been reported recently in this system [7].

As shown on Fig. 1 (af = 3 K), the SANS experiment F|G. 1. Neutron diffraction pattern from the flux line lattice
confirmed the existence of a hexagonal flux line latticein (K,Ba)BiO; at7 =3 KandH = 0.1 T.
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reflection which is related ta through low field (the field axis has been rescaled to the figld
B corresponding to a vanishingly small diffracted intensity).
=-—. (2)  As shown, for all samplegu?)'/2/a, increases with field,
L+ (q104) and the diffracted intensity finally drops beyond the ex-
As already pointed out by Cubitt al.in BiSrCaCuO  perimental resolution fofu?)'/2/ay = 0.3. As mentioned
[4], we did not observe any change in either the width ofabove, the difference at low fields may be related to an
the rocking curve ¢ ~ 0.28° = 0.02°) or the transverse ill-defined A value but is most probably due to the pres-
or radial size of the diffraction spots (within the accuracyence of fluctuations in our sample even at low field. Note
of our data) but only a fall in the amplitude of the peak and that I,,s(T', B)/Inmes(T = 0, B) is field independent on a
as shown in Fig. 2, even after correcting for theg, field  large temperature range (small deviations can be observed
dependence of}, the intensity still drops rapidly with at high temperature due to the decrease of the entanglement
field. This fall has been first attributed to a decompositiorfield with T—see below) indicating that the Debye-Waller
of the vortices into 2D pancakes in BiSrCaCuO [4]. How-factor is mainly static in our system. However, as shown
ever, such an explanation can obviously not hold in ouin the inset of Fig. 2/.s(T) ~ 1/A(T)* decreases faster
cubic system, and we have thus assumed that this field déran the predictions of the two fluid model (dotted line)
pendence is due to a static Debye-Waller factor associateghd, as already observed by Yethigdj al. in YBaCuO
with the fluctuations of the vortex lines in the presence ofsamples [3]./..s(T) can actually be well described by a
point disorder. The diffracted intensity will thus be given[1 — (T/T.)"* law with n ~ 2.3 (solid line) instead of
by [8] n = 4 in the two fluid model.
5, o It has been suggested [10] that the formation of disloca-
Imes = Lo exp(—27~(u”)/ap) , (3)  tions may become energetically favorablefot)!/2/ao >
¢, wherec is a numerical factor of the order 6f0.2-0.3
(in analogy with the Lindemann number) in good agree-
ment with our experimental value. In the so-called single

Fio

whereq is the lattice spacing angk?) the mean square
displacement of the vortices which may include both fluc-

tuations in the position of the vortex lines from their 1oy regime (i.e., at low fields), this condition is satisfied

ideal positions and uncorrelated fluctuations (Wiggling)When the magnetic field reaches the entanglement figld
along the vortex lines [9]. The magnetic field depen-WhiCh is of the order of [10]

dence ofu?)!/2/a is shown on Fig. 3: The solid triangles

have been obtained from Egs. (1)—(3) taking= 3600 A, s @ (L. 3
whereas the open triangles (dotted line) would correspond B, ~ ¢ ? ? ) 4)
to A = 4300 A, i.e., assuming that the FLL is perfectly

well ordered ab.1 T. We have also reported on Fig. 2 the ¢, isotronic samplesl(. is the collective pinnina lenath
w'? /ay values deduced from Eq. (3) for BiSrCaCuO e U~ g for apvortlé; lengthZ ~ L.). pTakingg . E

[4] and YNi,B,C [5] samples assuming thaies = Tio &l 5503 andB, ~ 6000 G, one gets an estimation of the
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FIG. 2. Field dependence of the diffracted intensity after

correcting for thel/q,, field dependence in Eq. (1) (from the FIG. 3. Magnetic field dependence of the vortex displace-
top to the botton¥” = 3, 5, 8, 10, 13, 15, 18, 20 K—the lines ment («?)'/?/a, deduced from Fig. 2 using Eq. (3) (the lines
are a guide to the eyes). In the inset: Temperature dependeneee a guide to the eyes) foiK,Ba)BiO; (solid triangles,

of the diffracted intensity renormalized At= 0 Kat H = 0.1, A = 3600 A; and open trianglesp = 4300 A—see text for
0.2, and0.4 T; the dotted line is a two fluid model fit to the details), YNiB,C from [5] (circles) and BiSrCaCuO from [4]
data and the solid line[d — (T/T,)**]* fit. (squares).
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collective pinning lengthL, ~ 70-90 A at low tempera-
ture. This smalL. value shows that there is a rather large
amount of weak pinning centers in our sample which are
probably related to an inhomogeneous potassium distri-
bution. Note that this entanglement transition can be
observed either for large disorder, i.e., smBjl values
[(K,Ba)BiOs] or a large anisotropy (BiSrCaCuO [11] or
NdCeCuO [12]), and may actually be shifted towards very
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. l
However, modifications of the lattice parameter are ex- ol Lo e b b e DALY
pected to show up in the width of the rocking curve as 0 5 10 15 20 25
a[26(8ap/ap))? contribution [13] too? (whered is the T (K)
diffraction angle) in clear disagreement with our experi—FIG 4. Low field part of theH-T phase diagram of the
mentql dataq = Con8t~ 0.28° = 0.02). This su_gge_sts K,Ba)BiO; system. The fieIdB_ circles) is obtained b
that, in our caseu IS .related to uncorrelated nggllngs Eaxirap)olatiSng }{he diffracted intereisigy to z)ero [the solid I%/ne
of the vortex lines which show up as an “apparent” fieldis 5 fit to the data following Eq. (4)] and the irreversibility
dependentA. The characteristic longitudinal fluctuation field B, (crosses) is obtained from the magnetization loops
length Ly can be deduced from in the single vortex [Bix corresponds taAM = 1/1000 of its maximum value—
regime assuming that [1442)"/2 ~ ¢(Lo/L.)"® and one the solid line is a1 — T/T.)"® fit to the datal.
getsLy ~ aq for our experimental, &, andL. values in -~ )
good agreement with [10Jg ~ 2€ao). Note thatL, is  Pulkcritical currents [17]. As shown on Fig. 5, the central
much shorter than the longitudinal correlation length ~ Peak can be well described by a power law behavior, and
which can be deduced from the width of the rocking curveihe fieldB. deduced from the SANS experiment coincides
&L ~ 1/qioo ~ 30ay. very well with the onset of the deviation from this power

The field B, can be estimated by extrapolating the dif- law erendence. E_ven ifitis m_uch more dlfflc_ult to define
fracted intensity linearly to zero. As shown on Fig. 2, criterium for the increase of in the (K, Ba)BiO; sys-

B, is almost temperature independent on a large temperd@M than itis in BiSrCaCuO [11] and NdCeCuO [12] (for
ture range and finally decreases in the vicinityZof A which the magnetization I(_)ops reveal avery sharp onset of
temperature independent entanglement field has actualf€ current density), the fielft, clearly lies in the vicin-
been obtained by Monte Carlo simulation in the so-called® Of the peak anomaly. Note also that magnetic loops
3D-XY regime (by analogy with random ferromagnets)aré nonequilibrium measurements yvhlch may be aﬁeqt_ed
[15]. However, neglecting thermal fluctuations which bY creep phenomena leading to a time dependent position
would smooth out the static disordd, is expected tovary ©Of the peak. However, we have shown that the shape of
asLl/& [see Eq. (4)]. As pointed out by Gillet al. in

NdCeCuO crystals [12], a decreaseByfis consistent with

the §-T. pinning model (i.e., pinning induced by fluctua-

tions in the critical temperature) for whidh. ~ ¢%/3 and

B.(T) ~ 1/&(T)? (in contrast with the5-/ pinning regime 1
for which B, is expected to increase with fiel®, ~ &
[14]). As an example, we have reported on Fig. 4 a fit to
our data using Eq. (4) witd(T) = &/[1 — (T /T.)*]"/?
[12]. Note that Eq. (4) has been derived in the single vor-
tex regime and, even if it will probably provide a good
estimation ofB,, its application in our system may not be
completely correct sincey ~ ag and interactions between
vortices should thus not be neglected anymore.

Finally, we are comparing the magnetic fieRl ob- 01 Lo | . ‘
tained from the SANS experiment to the field correspond- 0.2 1 3
ing to the onset of the increase in the current densgity B (T)
?neddeuecdedv\gohrgvtgesx \?v;m[%]ifhg][ihgi%%?itrgzei[:orzgggg:-e E (i f o Magnetic field dependence of the current density at

’ = 4, 8, and12 K. The arrows are marking the position of

the ac susceptibility can be very well described by the bulknhe field B, corresponding to the complete loss of diffracted
pinning model and\ M is thus directly proportional to the intensity in the SANS experiments.
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