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Scaling of magnetization and some basic parameters of Ba12xK xBiO31y superconductors nearTc

S. N. Barilo, S. V. Shiryaev, and V. I. Gatalskaya
Institute of Physics of Solids and Semiconductors, Academy of Science, Minsk 220072, Belarus

J. W. Lynn
Center for Superconductivity Research, University of Maryland, College Park, Maryland 20742

and NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

M. Baran, H. Szymczak, and R. Szymczak
Institute of Physics, Polish Academy of Science, Warsaw PL 02-668, Poland

D. Dew-Hughes
Department of Engineering Science, Oxford University, Oxford OX1 3PJ, United Kingdom

~Received 10 June 1998!

Reversible magnetization and hysteresis loops have been studied over wide ranges of magnetic field and
temperature for single crystals of Ba12xKxBiO31y (x50.34, 0.37, 0.41, and 0.46!. The main goals were to
derive critical parameters of superconductors with a cubic structure as well as to explain the origin of flux
pinning and peak~fishtail! effect observed in all samples. Values of the electron-phonon interaction constant of
lph;1, ;0.76, and 0.9 for Ba12xKxBiO31y with x50.34, x50.37, andx50.41, respectively, have been
obtained. The data show that this family belongs to oxide superconductors with at least an intermediate
strength of coupling. The pinning force density has been scaled into a single curve for wide field and tem-
perature ranges. The functional form of the scaling curve reflects various mechanisms of flux pinning. For
Ba0.54K0.46BiO31y the peak effect is mainly due to a dynamical contribution. However, the fishtail for
Ba12xKxBiO31y with x50.34, 0.37, and 0.41 has its origin in the crossover between two pinning mechanisms
induced by external magnetic field and/or temperature. For the Ba0.59K0.41BiO31y crystal a seeded growth-
induced anisotropy was found to be responsible for differences in low-field susceptibility and in hysteresis
loops observed for different magnetic-field orientations.@S0163-1829~98!00442-1#
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I. INTRODUCTION

Despite intense interest in such a promising compo
like the isotropic superconductor Ba12xKxBiOy ~BKBO! the
question of the mechanism responsible for superconduct
at Tc;30 K and of the magnitude of the coupling consta
remains open. Experimental studies to determine the en
gap valueD0 , the isotopic coefficienta, and the electron-
phonon interaction constantlph are known to provide very
important information for the solution of this problem. F
conventional weak-coupling BCS superconductors the c
stant 2D0 /kBTc has the value of 3.53,1 while for BKBO the
value determined from a superconductor–insulator–norm
metal ~SIN! configuration of tunneling measurements2–7

ranges from 3.7 to 4.1 indicating intermediate to strong c
pling. Experimentally determined critical parameters
BKBO superconductors obtained by different authors
single crystals, ceramics, and films are listed in Table I.
can be seen, the results of measurements of thin BKBO fi
in the high-frequency19 and IR Ref. 16 ranges agree we
with the findings of tunneling measurements ofD0 and again
indicate also the intermediate character of coupling in t
compound.

The early observation of the isotope effect in BKBO~Ref.
10! yielded fairly conflicting results. The theoretical value
the isotopic coefficienta5d ln Tc /d ln m in BCS supercon-
ductors is1

2,
27 assuming that neither Coulomb interaction n
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anharmonic optical modes are present. In Refs. 10, 28,
29 a values were determined to be 0.20, 0.4, and 0.42,
spectively, while in a recent paper23 an influence of potas-
sium concentration ona in the Ba12xKxBiO3 compounds has
been found. The authors found that the isotopic coefficiena
increases with the decreasing potassium concentration@a
50.21 (x50.45), 0.26 (x50.375), and 0.34 (x50.36)#,
while the energy-gap values 2D0 /kbTc vary from 4.0 (x
50.45) to 4.5 (x50.375), and 4.8 (x50.36). Accordingly,
the coupling-constant estimationslph are 1 (x50.45), 1.45
(x50.375), and 1.80 (x50.36), respectively,23 and indicate
strong coupling. These results are connected with
conclusions30 about the growth of the coupling constantlph
as the potassium concentration approaches
superconductor-insulator boundary (x;0.35).

From investigations of transport properties of BKB
crystals9 the coupling-constant valuelph51.7– 2.1 was de-
termined, arguing that BKBO cannot be treated as a conv
tional weakly coupled superconductor. The valuelph52 has
been obtained from dynamic susceptibility measurements
superconducting BKBO powder.26 However, in Ref. 14 the
electron-phonon interaction parameter calculated from
magnetic and resistivity measurements of critical parame
of Ba0.62K0.38BiO3 single crystals was 0.48–0.96. From th
examination of the structure phase diagram of Ba12xKxBiO3
calculations of the constant of electron-phonon interact
for 0<x<0.5 were made20 and revealed a correlation oflph
12 355 ©1998 The American Physical Society
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values with the experimental dependence ofTc(x).30 To il-
lustrate, for potassium contentx50.4,lph50.95.20 Thus, we
believe that BKBO can be considered as a conventional B
superconductor with intermediate coupling. However,
coupling constantlph50.35 determined in Ref. 17 also sup
ports the assumption of weak coupling in this materi
which runs counter to the findings given in Ref. 21, whe
lph was estimated from the specific-heat measurements
the Ba12xKxBiO3 ceramic sample to be of 0.9, and corr
sponds to intermediate coupling. The calculation31 of ther-
modynamic properties of Ba0.7K0.3BiO3 in terms of the
Eliashberg theory on the assumption of an electron-pho
interaction gives the following values: 2D0 /kBTc54.15 and
lph51.18, i.e., this superconductor possesses strong
pling ~Table I and references cited therein!.

The magnetic-field penetration depthlL is an exception-
ally important characteristic of a superconductor and its te
perature dependencelL(T) is very sensitive to the characte
of the coupling. In some papers concerned with measu
ments of thelL(T) by the muon-spin-rotation technique24

and resonant measurement in the high-frequency range19 it
was shown that BKBO is a weakly coupled BCS superc
ductor with lL(0)53300– 3400 Å. One way of determin
ing the temperature dependence oflL(T) is measuremen
and analysis of reversible magnetization isothermsM (H) in
the intermediate magnetic fields rangeHc1<H<Hc2 . In this
region the following relationship between the magnetizat
and the magnetic field is valid for high-Tc superconductors:

24pM ~T,H !5
f0

8plL
2~T!

ln
h

l FHc2~T!

H G
2

4pkBT

f0Cj~T!
ln

16pkBlL
2~T!

af0j3~T!HAe
, ~1!

where the first term describes the London regime with
linear M (H) dependence,32 and the second part arises as
result of thermodynamic fluctuations,33 f0 is the magnetic
flux quantum, andh/ l , a, C are constants of the order o
unity that depends on the structure of the vortex lattice;j is
the coherence length. It is recognized that thermodyna
fluctuations in high-Tc cuprates can affect significantly th
field dependence of magnetization and make a distinct c
tribution of the fluctuations into theM (H) behavior at high
temperatures.34 The temperature rangeDT5GTc , where
fluctuations effects are observable, is determined by the G
zburg parameterG, estimated for BKBO crystals previousl
as ;331024 to be markedly lower than one for cuprate
with the order ofG51022– 1023.35 So, the use of a short
ened first term of Eq.~1! in analyzing the BKBO magneti-
zation data at temperatures nearTc is quite justified. The
constanth/ l vanishes under differentiation of the first part
expression~1! with respect to] ln H:

]M

] ln H
5

f0

32p2lL
2~T!

. ~2!

Relation ~2! for accessible magnetic fields is usually app
cable in a limited temperature range close toTc for an iso-
tropic superconductor free of vortex-lattice pinning. One c
determine the slopedM/ ln H and hence the magnetic-fiel
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penetration depthlL for various temperatures and analy
lL(T) in terms of the mechanism of pairing. In our previo
paper36 a preliminary estimation oflL for BKBO single
crystals has been given. In this work we have carried
systematic investigations of reversible magnetizationM (H)
isotherms nearTc on the same single crystals with the aim
determining the temperature dependencelL(T), critical
fields, and other Ginzburg-Landau parameters. The h
capacity jump, corresponding to the superconducting tra
tion of the BKBO crystal, and the constant of electro
phonon interaction are also estimated~Sec. III A!.

Exploration of the temperature and field dependencie
the bulk pinning force densityFp , defined asuJc Bu,37 is a
particularly advantageous method for analysis of the pinn
mechanism in superconductors. The pinning force sca
Fp(b), whereb5B/Bc (Bc2

, the upper critical field!, is gen-

erally examined in conventional Nb3Sn superconductors
since the functional formFp(b) has frequently allowed con
clusions to be drawn about the nature of pinning in the m
terial. This asymptotic expression for the bulk pinning for
has been first derived in Ref. 38 for niobium alloys:

Fp5const3@Bc2
~T!#2.5f ~b!, ~3!

where f (b) depends only on the normalized magnetic fie
To put it differently, the knowledge ofFp and f (b) for a
hard superconductor at temperatureT1 permits one to obtain
Fp at any fixed temperatureT2 . In Ref. 37 the possibility of
the flux-creep effect on the scalingFp has been dealt with to
show that it can be ignored in the case of hard supercond
ors. Campbell and Evetts,39 as well as Dew-Hughes,40 have
demonstrated that in conventional hard superconductors
pinning force densityFp by and large can be represented

Fp5Fp0
~T!bp~12b!q, ~4!

wherep,q depends on~i! the defect dimensionality~point,
two-dimensional, or bulk!, ~ii ! the type of interaction~core
pinning or magnetic pinning!, and~iii ! the nature of pinning
center~normal or superconducting!. According to Kramer’s
theory, based on the vortex-lattice shear model, the pinn
force follows expression~4! while the coefficientsp and q
depend on the elastic properties of the vortex lattice an
largeb value f (b);(12b)2.41 The deviation from the scal
ing law for Fp(4), in turn, with changing temperature an
magnetic field can be related to the effects decaying
asymptotic behaviorFp(b), for instance, the flux-creep ef
fect and matching effect specified by commensurability
the vortex-lattice period and crystal microstructure, as w
as of the various nature and size of pinning centers.39

A number of studies on the scalingFp in LaSrCuO,42,43

YBaCuO,44–52BiSrCaCuO,51,53and TlBaCuO~Ref. 54! have
been reported. A high-temperature superconductor~HTSC!
is distinguished from a conventional hard superconductor
high values ofTc , short coherence length, large spatial a
isotropy, and lower activation energy of pinning. This al
influences the pinning force scaling lawFp as the critical
current and bulk pinning force decrease to zero with the
reversibility fieldBirr which is much lower thanBc1

. A set of

fields Birr(T) constitutes scaling fields for HTSC materia
and the scaling law for the bulk pinning force is
t
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Fp~b8,T!5Fp0
~T! f ~b8!5Fp0

~T!b8p~12b8!q, ~5!

whereb85B/Birr(T).
In the majority of HTSC materials over a broad range

external fields the above-mentioned scalingFp has been ob-
served. However, the exponential fall of magnetization w
increasing magnetic field is frequently seen at large fie
i.e., the term 12b8 in Eq. ~5! on this section of the phas
diagramB-T should be replaced byb exp(2b/b8). In this
connection, the conclusion has been drawn that one sh
not expect a perfect scalingFp for high-Tc superconductors
in so far as the effect of the flux creep and flux flow cann
be neglected.55 At elevated temperatures,Fp(B,T) is deter-
mined not only by the critical current density in the absen
of activation processJc0

5Fp0
/B, but also by the activation

energy u(g,B,T). Alternatively, in the low-temperature
range the flux creep is insignificant. In some HTSC co
pounds, for instance in the overdoped LaSrCuO,50 Fp does
not obey Kramer’s scaling law.42 The pinning force density
scaling law of the Ba12xKxBiO31y ~BKBO! superconductor
with Tc'30 K, which are intermediate between conve
tional and layered high-Tc superconductors, is not unde
stood yet. These compounds feature a simple-cubic struc
along with the absence of CuO2 phases and magnetic ions
the lattice. We have first seen and studied comprehensi
the peak effect in magnetization for BKBO single crysta
with x>0.33.36 The peakFp max(H) shifts to the upper-field
range with the temperature decreasing while its value ris
The value of the normalized pinning forceFp /Fp max
5f(H/Hmax) is scaled to a single curve up toHmax for all the
measured isotherms. However, the scaling was disrupte
higher fields.

In this paper we report on a comprehensive study of
field dependence of the bulk pinning forceFp for BKBO
single crystals with various potassium concentration, and
the scaling law in dependence of temperature aimed at in
preting the peak effect nature in high-Tc superconductors
with isotropic structure~Sec. III B!. We have also investi-
gated the effect of seeded growth-induced anisotropy
magnetic properties of BKBO (x50.41) single crystal in
superconducting state~Sec. III C!.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

Magnetic measurements were taken from four single cr
tals of BKBO. The electrodeposition growth method w
used for all the samples. The first three crystals, with po
sium concentrationx50.34, 0.37, and 0.46, respectively, an
typical dimensions of 23232 mm3, were grown by sponta-
neous crystallization56 and exhibitedTc519.5– 31 K de-
pending on the potassium concentration. The fourth o
with x50.41, was prepared by the seeded growth techni
that allows fairly large crystals up to 2 cm3 to be grown with
Tc;31 K and a relatively narrow superconducting transiti
to be obtained. The fourth sample had approximately cu
shape with dimensions 1.9231.9031.90 mm3 and was cut
from a central part of as-grown large crystal (10315
35 mm3). All faces of the sample are oriented~100!-type
planes. One of them is the natural growth surface. To rev
any effects related to the growth-induced anisotropy
chemical etching technique has been applied to neighbo
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parts of the same crystal. As a result, a stripe structure
allel to the growth surface on faces cut perpendicular to
one was found. No such structure was obtained on fa
parallel to the growth surface. The period of etched defe
structure was 1–2mm ~Fig. 1!. The first indication in micro-
structure evidence to indicate what might be responsible
the pinning is presented below. As has been mentioned
sample withx50.41 reveals the seeded growth-induced
isotropy. Small-angle neutron scattering~SANS! was em-
ployed to investigate this structure, and the SANS patt
obtained at room temperature is shown in Fig. 2. The exp
ments were carried out on the NG-7 spectrometer at
NIST Center for Neutron Research, using both moderate
high resolution. These data were taken with a neutron wa
length of 12 Å, no guides, and the two-dimensional positio
sensitive detector at a distance of 12 m from the sample.
square-shaped pattern has its corners in the@110# crystallo-
graphic direction, and the intensity in any particular directi
falls off as 1/Q4. This Porod-type scattering indicates th
the structural defects producing the scattering are consi
ably larger than the range explored here, consistent with
optical micrographs that suggest a length scale of;1 mm.

The potassium concentration of all measured samples
determined by three methods:~1! from x-ray measurement
of the crystal-lattice parameters according to the calibra
curve;30 ~2! from neutron activation analysis;~3! from the
measurements of natural radioactivity of the isotope40K.

The reversible~irreversible! magnetization and suscept
bility on the BKBO single crystals at low fields in field
cooled and zero-field-cooled conditions were recorded wi
superconducting quantum interference device magnetom

FIG. 1. The stripe defects structure oriented parallel to the n
ral ~001! growth surface of Ba0.59K0.41BiO31y single crystal was
revealed by chemical etching on perpendicular cut of the sam
~none could be found on the cut parallel to natural face!.

FIG. 2. The SANS patterns at two different orientations
Ba0.59K0.41BiO31y single crystal in the~001! face: ~a! x axis of the
picture coincides@100# crystal direction;~b! x axis of the picture
lies alone@110# crystal direction.
r-
is
es
ts

r
he
-

n
i-
e

nd
e-
-
he

t
r-
e

as

n

a
ter

~Quantum Design, MPMS-5! over a range of temperatur
3–40 K and magnetic fields up to 50 kOe.

The susceptibility of crystals in the normal state was d
termined over the temperature range from 40 to 300 K in
field of 6 and 50 kOe and thereafter this contribution w
subtracted from theM (H,T) dependencies to pick out th
magnetic response related to the superconducting state o
crystal.

III. RESULTS AND DISCUSSIONS

An analysis of hysteresis loopsM (H) for the BKBO
single crystals with various potassium concentration sh
that all the measured crystals featured the peak effect
magnetization curves over a definite temperature range.
position of extra maximum on the hysteresis loops is te
perature dependent, and the field of the peak effectHp de-
creases with increasing temperature.

The measurements in the high field and temperature ra
exhibit M (ln H) dependencies that are straight lines and
successfully described by relation~1! in the field and tem-
perature regions under investigation.

A. Reversible magnetization range

Figure 3 shows measured isothermsM (ln H) of BKBO
for thex50.41 crystal, which are typical for all the crystal

FIG. 3. Isotherms of magnetization vs the logarithm of the a
plied field for Ba0.59K0.41BiO31y single crystal~open and solid sym-
bols denote data measured at increasing and decreasing ap
field, respectively!.
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le
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TABLE II. Critical fields and Ginzburg-Landau parameters of Ba12xKxBiOy single crystals obtained from
magnetization measurements.

Critical parameter of
superconductor

Composition of the single crystal

Ba0.66K0.34BiO3 Ba0.63K0.37BiO3 Ba0.59K0.41BiO3

Tc @K ~low field!# 30 29 31
Hc2 ~0! ~T! 25.0 19.3 20.9
dHc2 /dT ~T/K! 20.78 20.65 ;0.6
j~0! ~Å! 36.4 41.5 40
lL ~0! ~Å! ;3089 ;3100 3200
k~0! ;85 ;75 80
Hc1(0) ~Oe! 77 74 73
Hc ~0! ~T! 0.21 0.18 0.187
DC/Tc , (mJ/mole K2) 3.1 2.57 2.79
g mJ/mole K2 2.16 1.8 1.95
N(EF) ~states/eV cell! ;0.46 ;0.40 0.44
lph ;1 ;0.76 ;0.9
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The experimental data are well described by the logarith
field dependencies in the investigated temperature ra
From the same data, using relation~2!, we obtained the tem
perature dependencies of the magnetic-field penetra
depthlL represented in Fig. 4. CurveslL(T) are well de-
scribed by the classical BCS formulalL(T)5lL(0)(1
2t)n, wheret5T/Tc , Tc is the superconducting transitio
temperature, and an exponent ofn;0.5. The valueslL(0) as
well as some other experimental and calculated param
of superconducting single crystals are listed in Table II.
can be seen, the experimentally determined values of
etration depthlL(0) for BKBO known in the literature vary
from 803 to 3300 Å.19,26,14,8,13,11,22It must be emphasize
that normal inclusions that may be present in the sample
lead to underestimating the magnetization value. SincelL

22

is proportional to the]M /] ln H, the value of penetration
depth lL can be overestimated by a constant multipli
though the character of the temperature dependence oflL(T)
remains the same. But we should mention also that x-ray
neutron analysis of our crystals57 exhibited single-phase
character and a high degree of perfection of the as-gr
crystals as well as practically no normal inclusions. T
value of magnetic susceptibility of the crystals in the norm
state, which in the high-temperature range is consistent
the data given by other authors,10,21 verifies the single-phas
structure. For this reason we have not recalculated the va
of penetration depth related to the possible presence of
mal ranges in crystals.

Our recent paper,36 which deals with estimation of th
temperature dependence of the upper critical magnetic
Hc2(T) for our single crystals, reveals that nearTc , Hc2(T)
is well described by the linear relation that correlates w
the Ginzburg-Landau theory. The values ofHc2(0) and
(]Hc2 /]T)Tc

are listed in Table II with the data. The cohe

ence length j~0! calculated from the relationHc2
5f0/2pj2 equals 36.4 Å (x50.34), 41.5 Å (x50.37),
and 40 Å (x50.41). With the values forlL(0), we can
evaluate the Ginzburg-Landau parameter values to bk
5lL /j;85 (x50.34), ;75 (x50.37), and 80 (x50.41),
respectively. We may then estimate the specific-heat jum
Tc in accordance with relation58
ic
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DC/Tc5
1

8pgk2 F]Hc2

]T G2

. ~6!

The Sommerfeld constantg has been calculated through th
use of the relationDC/Tc51.43g ~Table II!. As can be seen,
theg values are close to the corresponding data obtained
melted Ba0.65K0.35BiO3 (g52.36 mJ/mol K2),8 for
Ba0.6K0.4BiO3 (g53.4 mJ/mol K2) ceramic sample,18 and

FIG. 4. Temperature dependence of the magnetic-field pene
tion depth for Ba0.59K0.41BiO31y single crystal, derived on the basi
of relation~2!, which agrees well with the BCS formula@solid line,
l0 ~the penetration depth value at zero temperature!#. Inset: the
same dependencies for Ba0.66K0.34BiO31y and Ba0.63K0.37BiO31y

single crystals.
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Ba0.62K0.38BiO3 (g52.31 mJ/mol K2) single crystal.14 From
the value ofg one can determine the resulting electron de
sity of states at the Fermi levelN* (Ef) in accordance with
the expression

g52/3p2kB
2N* ~Ef !. ~7!

The electron-phonon interaction constantlph can also be de-
termined fromN* (Ef)5N(0)(11l), where N(0) is the
electron density of states of order 0.23 states/eV cell as
lows from the band-structure calculations for BKBO~Ref.
59! ~see Table II!. The values oflph;1, ;0.76, and 0.9
point to the fact that the single crystals Ba12xKxBiOy with
x50.34, x50.37, andx50.41, respectively, are superco
ductors with intermediate coupling.

From analysis of the magnetic susceptibility data for
BKBO single crystals in the normal state there was obtai
at temperatures from 250 to 300 K the valuex is 25
31025 emu/mol (x50.34) and 2431025 emu/mol (x
50.37). In general, the magnetic susceptibility of the crys
in the normal statex consists of several contributions60 con-
nected with~1! the Pauli paramagnetismxP ; ~2! the Landau
diamagnetism of conduction electronsxL ; ~3! the Van Vleck
paramagnetismxVV ; ~4! the electron core diamagnetis
xcore; and ~5! paramagnetism of impuritiesx imp . The last
contribution for BKBO crystals is very small. This is als
consistent with insignificant volume of normal areas as
sumed by us in the investigated crystals. The value ofxL
52(m/m* )2xp/3 and, assuming thatm* /m;7 – 8 ~Ref. 21!

FIG. 5. The isotherms of normalized pinning forceFp /Fp max as
a function of the reduced fieldb5H/H irr for the Ba0.66K0.34BiO31y

single crystal. It can be seen that experimental values of redu
pinning force are satisfactorily approximated by two differe
curves having a peak, according to relation~5!, for bmax8 of 0.56@2D
pinning onDk centers~dotted line!# and 0.22@2D pinning on nor-
mal centers~dashed line!#.
-

l-

e
d

l

-

for BKBO (x50.4), the diamagnetic contribution of condu
tion electronsxL constitutes a negligibly small fraction o
xP . The contribution ofxVV is also disregarded by us an
the magnetic susceptibility of the BKBO single crystals b
comesx5xP1xcore. The last value can be estimated fro
the tabulated values of the radii of occupied electron sh
for Ba21, K11, Bi31, and O22:61 xcore527.8
31025 emu/mol. On this basis we derive the values 2.
31025 emu/mol (x50.34) and 3.731025 emu/mol (x
50.37) for a contribution of the Pauli paramagnetism. T

ed
t

FIG. 6. ~a! and ~b! The isotherms of the normalized pinnin
force Fp /Fp max as a function of the reduced fieldb5H/H irr for
Ba0.63K0.37BiO31y single crystal fitted to Eq.~5! @fittings reveals
bmax8 of 0.12 ~dotted line! and 0.6~dashed line!; solid line corre-
sponds to the sum#. As can be clearly seen, the character of vort
pinning changes drastically in 23<T<24 K due to a type of 2D
pinning-center variation.
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TABLE III. List of Fp scaling low parameters for Ba12xKxBiO31y single crystals with different potas
sium content.

Potassium Exponent value Exponents Temperatu
Sample no. contentx n m p q ratio bmax8 ~K!

1.95 1.52 0.56 19–22
1 0.34 0.59 1.45

0.48 1.70 0.22 24–28
4.60 3.10 0.60 20–22

2 0.37 0.77 1.22
0.43 3.20 0.12 25–27
0.853 8.82 0.09

3 0.41 (H'surface) 19–27
1.21 2.93 6.39 0.31

0.78 9.8 0.07
4 0.41 (Hisurface) 19–27

1.21 2.96 6.58 0.31
5 0.46 1.40 1.18 0.58 2.94 0.16 12–18
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resulting density of electron states at the Fermi level is
lated to the Pauli susceptibility through the well-known e
pression

xp5NA~2mB
2 !N* ~Ef !5230.323331024N* ~Ef !, ~8!

whereNA is Avogadro’s number andmB is the Bohr magne-
ton. The value of the density of statesN* (Ef) determined
from the Pauli susceptibility in accordance with Eq.~6! is
0.42 and 0.56 states/eV cell for crystals withx50.34 andx
50.37, respectively. Hence, the total sum of the density
statesN* (Ef) calculated in terms of the specific-heat jum
close toTc ~Table II! and of magnetic susceptibility in th
normal state agree satisfactorily.

Earlier we have estimated by SIN tunneling measu
ments the superconducting gap magnitude of 2D0 /kBT
;4.1,7 which is significantly larger than the value of 3.5 fo
an ideal weak-linked BCS superconductor. In accorda
with the Toxen empirical formula the gap and thermod
namic critical fieldHc are related at low temperature by62

2D0 /kBTc52Tc /Hc0„]Hc~T!/]T…, ~9!

whereD0 and Hc0 are the gap and thermodynamic critic
field values atT50. Note that two independent crystal cha
acteristics, the gap and the slope ofHc(T) at Tc are com-
bined by relation~9!. The right part of Eq.~9! was calculated
from magnetization data to be of 4.0. The small~;2.5%!
difference between SIN tunneling and calculated data allo
us to determine that BKBO is not a weak-link superco
ductor. The relationEv5Hc

2Hc1/2Hc2 also provides an esti
mate of the energy of vortex nucleation ofEv /(Hc

2/8p)
;4.7531023.

B. Irreversible magnetization range

As was mentioned above, all the crystals that have b
measured reveal the peak effect in magnetization curves
a broad temperature range. The temperature dependen
Hp is described well by the power lawHp;(12T/Tc)

n. The
irreversibility line H irr(T) is also described by the functio
-
-

f

-

e
-

s
-

n
er
of

H irr(T);(12T/Tc)
m, thoughmÞn. The exponentsn andm

vary depending on potassium content in the crystal as lis
in Table III.

The analysis of the field-dependent valueDMH (DM is a
hysteresis loop width andH;B), proportional to the pinning
force density, has revealed a similar pattern in the temp
ture rangeT<20 K for all the investigated crystals. Th
Fp(H) function goes through a maximum and shifts to
lower field range as the temperature increases, while
maximum amplitude decreases. The normalized pinn
force valuesFp /Fp max5f(b!), whereb!5H/Hmax for all the

FIG. 7. The isotherms of normalized pinning forceFp /Fp max as
a function of the reduced fieldb5H/H irr for the Ba0.54K0.46BiO31y

single crystal scaled to a single curve by the unified pinning mec
nism over the whole temperature range investigated~fitting reveals
bmax8 of 0.16 corresponding to single vortex pinning by random
distributed 2D normal centers!.
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crystals are aligned with one curve up toHmax ~see, for ex-
ample, Ref. 36!. For temperaturesT.23 K nearTc , though,
the deviation from the single asymptotic behavior in t
whole magnetic field range is clearly seen. For instan
compounds withx50.34, 0.37 tend to change the charac
of dependence as the temperature rises from a curve w
narrow peak to a curve with a broader one.

The normalized pinning force density of the investigat
BKBO crystals yielded via expression~5! the scaling param-

FIG. 8. The isotherms of normalized pinning forceFp /Fp max as
a function of the reduced fieldb5H/H irr for Ba0.59K0.41BiO31y

single crystal scaled to Eq.~10!: ~a! H' the natural crystal surface
@p50.85,q58.82 ~dotted line!; p852.93,q856.39 ~dashed line!#;
~b! Hi the growth surface of crystal@p50.78,q59.8 ~dotted line!;
p852.96,q856.58 ~dashed line!#. The data seem to indicate, sim
larly as for Ba0.54K0.46BiO31y , the importance of thed1 pinning
related to the spatial variation of the charge-carrier mean free p
e,
r
a

eters that are listed in Table III. Examples of fitted curves
presented in Figs. 5–8. It is well known thatp,q for con-
ventional hard superconductors, as well as for copp
containing HTSC YBa2Cu3O72d ~YBCO!,43,51BiSrCaCuO,52

and TlBaCuO.53 In our case this condition is satisfied wit
the BKBO single crystals of potassium contentx50.41 (T
519– 27 K), x50.46 (T512– 18 K), but forx50.34 and
0.37 at temperatures close toTc only. The conditionp,q is
in agreement with the concept of the critical shear strength
the flux lattice introduced by Kramer.41 However, in the
lower temperature range the relationp.q was obtained for

th.

FIG. 9. Temperature dependencies of~a! the magnetic shielding
~zero-field cooled! and ~b! the Meissner~field cooled! signals for
the Ba0.59K0.41BiO31y single crystal ~with demagnetizing factor
taken in account!. Field-cooled Meissner susceptibility is distinctl
different for both field orientations in the whole temperature ran
indicating a stronger pinning in low fields forH' .
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crystals withx50.34 and 0.37~Figs. 5 and 6!. As could be
clearly seen in Figs. 6~a! and 6~b!, the character of vortex
pinning changes drastically atT<23 K for the sample with
x50.37.

It is recognized40 that the peak positions onFp /Fp max

5f(b8) curves point out to the pinning mechanism and co
be determined asbmax8 5p/(p1q). Thebmax8 values for crystals
with different composition are also summarized in Table
From Figs. 5 and 6, in accordance with the above-mentio
model, one can make an assumption for crystals withx
50.34 and 0.37 about~i! the character of the pinning cente
being two dimensional~2D!; ~ii ! two different types of pin-
ning centers~normal andDk!; ~iii ! the peak effect being du
to the crossover between at least two different pinn
mechanisms induced by external magnetic field and/or t
perature.

For the BKBO single crystals withx.0.33, as establishe
in Ref. 36, the peak effect exists though no exhaustive
planation has been provided. In the YBCO and BiSrCaC
systems the peak effect occurs but has a different interpr
tion. Thus in the case of YBCO the peak effect is accoun
for by employing~i! the model of superconductivity depre
sion by a magnetic field in oxygen-deficient ranges that
come the pinning centers63 or ~ii ! the model of crossove
from the single to collective flux creep leading to the redu
tion of magnetization relaxation in intermediate fields.64 The
matching effect has been proposed in Ref. 65 to explain
peak effect in BiSrCaCuO. The peak effect in Tl-bas
single crystals is related to the softening of the vortex latt
making for the pinning efficiency with plausible 3D to 2
transition or melting of the 3D lattice; in this instance t
anisotropy of electronic propertiesg5(mc

!/mab
! )1/2 is fa-

vored.
The findings for scaling law for the bulk pinning force

cubic single crystals of BKBO with various potassium co
centration indicate that the peak effect in crystals withx
50.34 and 0.37 is related to the crossover of two pinn
mechanisms as the magnetic field increases. At the s
time our observation of the scaling behavior of the crys
with x50.46~Fig. 7! is well described by the unified pinnin
mechanism over the whole temperature range investiga
From our earlier study on the same sample, the depend
of the relaxation rate value ofS(H) at different temperature
has been plotted. TheS(H) peaks on the isotherms wer
observed forH;0.5Hp (Hp marks the peak-effect field!.36

These data contradict the suggestion that dimensional cr
over between 3D and 2D vortex stricture causes the p
effect in the sample. The detailed analysis with the pred
tion of the theoretical models describing so-calleddTc and
d1 pinning65 revealed a conclusion that the single-vortex p
ning by randomly distributed 2D normal centers occurs
the crystal withx50.46.

C. Seeded growth-induced anisotropy and pinning centers
for Ba0.59K0.41BiO31y

The first indication in microstructure evidence to indica
what might be responsible for the pinning is presented
low. As have been mentioned, the sample withx50.41 re-
veals the seeded growth-induced anisotropy. The st
d
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structure of defects oriented parallel to the natural grow
surface of crystal has a period approximately of 1mm ~Fig.
1!.

The critical temperatureTc as obtained from the extrapo
lation of the maximum slope ofx(T) to x0 , determined
from x(T) after zero-field cooling in an applied field of 1
Oe, is equal to 30.5 K~Fig. 9!. This value is greater than
those observed previously for BKBO (x50.34, 0.37, and
0.46! crystals.35 Such a value ofTc indicates that the oxygen
concentration is close to the optimal one@y'20.05 ~Ref.
66!#. The shielding effect inHext510 Oe is close to ideal o
1/4p taking into account a demagnetizing factor. The anis
ropy in the zero-field-cooled data is reflected only in so
differences in the transition region@Fig. 9~a!#. The field-
cooled Meissner susceptibility is distinctly different for bo
field orientations in the whole temperature range@Fig. 9~b!#,
indicating stronger pinning in low fields in the case of t
external field oriented perpendicular to the natural grow
surface of crystal (H'). On hysteresis loops a relativel
weak peak effect was observed in the low-temperature ra
of 3–7 K. The position of the peak depends on the fie
orientation~Fig. 10! being shifted to higher fields forH' .
The width of hysteresis loopDM behaves as follows:~a! the
ratio of DM (H')/DM (H i) is a function of temperature an
magnetic field, but its maximal value~1.9–2.3! is practically
independent of temperature in the range of 3–27 K. T
position of this maximum shifts from higher to lower field
with increasing temperature. It changes from a broad ma
mum ~in the range from 25 up to 48 kOe! at low T ~3–7 K!
to a somewhat complicated structure in small fields up to
kOe at 27 K@Figs. 11~a!, 11~b!, and 11~c!#; ~b! at tempera-
ture of T53 – 18 K, in the entire field rangeH<50 kOe the

FIG. 10. Volume magnetization hysteresis loops for two diffe
ent orientations of the field to the natural growth surface
Ba0.59K0.41BiO31y single crystal. Inset: for better presentation
peak effect, the low-field region is omitted.
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FIG. 11. ~a!, ~b!, and ~c! Ratio DM (H')/DM (H i) as a function of external magnetic field for several temperatures. It shoul
underscored that the conditionDM (H')/DM (H i).1 is fulfilled except in the higher-field region atT>20 K in the rest of theH-T range
investigated.
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value ofDM (H')/DM (H i) is larger than 1;~c! at 20 K and
H>14 kOe the ratio is close to 1;~d! at higher temperature
(T.20 K) and magnetic fields (14 kOe<H<H irr) the ratio
is less than 1~reaching a minimum of about 0.6!. The irre-
versible magnetization anisotropy is clearly seen to be
opposite character ofDM (H) curves cross sections und
small and high external fields~Fig. 12!. It should be empha-
sized that the conditionDM (H')/DM (H i).1 is fulfilled
except in the higher-field region, atT>20 K. This could be
explained by taking into account the chemical etching
periments. The results could be understood assuming
during the seeded growth of crystal some kind of mac
scopic layered structure was formed~with a period of 1–2
mm, or even smaller, not detected by chemical etching te
nique we used!, which is responsible for an anisotropy o
e

-
at
-

h-

critical current. The interlayer borders play two differe
roles in the case of magnetic field oriented parallel to
natural surface (H i): first of all, they act as weak links lim-
iting the critical current density and second they act as tw
dimensional pinning centers. Weak links are responsible
the ratio DM (H')/DM (H i).1 in the majority of H-T
space, whereas an existence of natural 2D pinning cen
plays a significant role in the higher-field region atT
>20 K resulting inDM (H')/DM (H i),1. Because the ef-
fectiveness of both mechanisms depends differently on t
perature and magnetic field, this leads to a complicated
pendence of the ratio versusH andT ~Fig. 11!.

Simultaneously, some part of oxygen defects can be
dered along the direction normal to the natural surface as
effect of the application of an electric field of this directio
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during the crystal growth process. The presence of s
rather low dimensional defects, which can be effective
pinning centers in low magnetic field of orientationH' ,
could be responsible for the difference in field-cooled s
ceptibility @Fig. 9~b!#. It has been found that the changes
the pinning force~or rather its main contribution! with exter-
nal magnetic field and temperature can be well described
the universal scaling law

Fp /Fp max5Abp1~12b!q11Bbp2~12b!q2, ~10!

whereb5H/H irr @Figs. 8~a! and 8~b!#. The obtained results
~Table III! seem to indicate, similarly as for BKBO (x
50.46), the importance of the depinning related to the s
tial variation of charge-carrier mean free path.

The observed peak effect seems to be caused by a v
tion of the dl-pinning character due to a sharp change
pinning center geometry from a surface to a point with d
creasing temperature.

It was found that in the limit of the estimation of erro
H irr does not depend on the field orientation. In the tempe
ture range of 18–27 K, where the irreversibility field cou
be estimated,H irr displays a power law of the reduced tem
perature (T/Tc) according to the relationH irr5132(1
2T/30.5)1.21 kOe. The reversible part of magnetizatio
curves is identical for both applied-field orientations, whi
indicates the isotropy of penetration depth under these t
peratures.

IV. CONCLUSIONS

We analyzed the reversible and irreversible magnetiza
near Tc for Ba12xKxBiO31y single crystals with different

FIG. 12. The irreversible magnetization anisotropy for differe
external-field orientations to the natural surface for t
Ba0.59K0.41BiO31y single crystal grown on a seed. Inset: the opp
site character is clearly seen forDM (H) curves cross section unde
small and high external fields.
h
s

-
f
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-

ia-
f
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a-

-

n

potassium content. The isotherms of reversible magnet
tion were used to estimate the most important characteris
of the superconductors with a cubic structure. The value
the electron-phonon interaction constant oflph;1, ;0.76,
and 0.9 for Ba12xKxBiO31y with x50.34, x50.37, andx
50.41, respectively, have been obtained. The data show
the family belongs to oxide superconductors with at le
intermediate strength of coupling.

It could be concluded now, from the irreversible magn
tization data analysis, that pinning in cubic BKBO is caus
by an interaction between either the flux-line lattice or in
vidual vortices and the microstructure of the superconduc
The microstructure provides some spatial variation of
basic superconducting properties, and thus the strength o
pinning is related to the basic superconductivity, and the
fore involves the thermodynamic critical field. For true pi
ning the scaling must be to the thermodynamic critical fie
which, in turn, can, viak, be related to the upper critical fiel
Hc2 . If the pinning force is defined by the moment at whic
the flux breaks away from the pinning centers, then the s
ing for the oxide superconductor will follow relation~5!. If
the flux lattice begins to shear, whether by the dislocat
mechanism Dew-Hughes proposed,40 or by some other
means, the critical Lorentz force is related to the proper
of the flux-line lattice, and in particular, the elastic consta
of the lattice. These usually show something that appro
matesFp;b1/2(12b)2 and it is not unreasonable that i
HTSO they might scale to the irreversibility field, i.e.,b
5B/Birr , as this is the field at which the lattice constants
to zero. If we now look at our results, those forx50.46~Fig.
7! clearly indicate that at all temperatures the flux is
strongly pinned~by the unified pinning mechanism over th
whole temperature range investigated! that the lattice shears
before unpinning. This is also the case for the other th
compositions at temperatures nearTc . The curves at the
lower temperatures could scale as those that drive rela
~5! if the reduced field were related toBc2 rather than the
lower Birr , with a cutoff asBirr is approached. This require
a mechanism whereby the flux is pinned at lower tempe
tures with a pinning strength less than the shear strengt
the lattice, but which changes with temperature less sha
than does the lattice shear strength so that at high temp
tures the lattice shears before it unpins. We can assume
such changes take place in BKBO (x50.41) with a high
probability. In particular, the observed peak effect seems
be caused by a variation of thedl pinning character due to
sharp change of pinning centers geometry from 2D to a p
with decreasing temperature. From the data obtained we
conclude for crystals withx50.34 and 0.37 that~i! there is
2D geometry of the pinning centers in all the temperat
range observed;~ii ! there are two different types of pinnin
centers~normal andDk!; ~iii ! the peak effect is due to th
crossover betweendl and dTc pinning mechanisms induce
by external magnetic field and/or temperature.
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