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Reversible magnetization and hysteresis loops have been studied over wide ranges of magnetic field and
temperature for single crystals of BgK,BiO5,, (x=0.34, 0.37, 0.41, and 0.46The main goals were to
derive critical parameters of superconductors with a cubic structure as well as to explain the origin of flux
pinning and peakfishtail) effect observed in all samples. Values of the electron-phonon interaction constant of
Apn~1, ~0.76, and 0.9 for Ba ,K,BiOs,, with x=0.34, x=0.37, andx=0.41, 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
Bay 54K0.4Bi034y the peak effect is mainly due to a dynamical contribution. However, the fishtail for
Ba, _,K,BiO3,, with x=0.34, 0.37, and 0.41 has its origin in the crossover between two pinning mechanisms
induced by external magnetic field and/or temperature. For theRg.,BiO;,, 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 orientatidi®0163-182€08)00442-1

I. INTRODUCTION anharmonic optical modes are present. In Refs. 10, 28, and
29 « values were determined to be 0.20, 0.4, and 0.42, re-
Despite intense interest in such a promising compoundpectively, while in a recent pagéran influence of potas-
like the isotropic superconductor BaK,BiO, (BKBO) the  sium concentration ow in the Bg _,K,BiO3; compounds has
question of the mechanism responsible for superconductivitpeen found. The authors found that the isotopic coefficient
at T.~30 K and of the magnitude of the coupling constantincreases with the decreasing potassium concentrgtion
remains open. Experimental studies to determine the energy0.21 (x=0.45), 0.26 ¥=0.375), and 0.34 X=0.36)],
gap valued,, the isotopic coefficienty, and the electron- While the energy-gap valuesAg/«,T. vary from 4.0 &
phonon interaction constant,, are known to provide very =0.45) to 4.5 £=0.375), and 4.8X=0.36). Accordingly,
important information for the solution of this problem. For the coupling-constant estimationsy, are 1 =0.45), 1.45
conventional weak-coupling BCS superconductors the contx=0.375), and 1.80X=0.36), respectively® and indicate
stant 24,/kg T, has the value of 3.58while for BKBO the  strong coupling. These results are connected with the
value determined from a superconductor—insulator—normal(;onclusion§0 about the growth of the coupling constavj,
metal (SIN) configuration of tunneling measurements as the potassium concentration approaches the
ranges from 3.7 to 4.1 indicating intermediate to strong cousuperconductor-insulator boundary~0.35).
pling. Experimentally determined critical parameters of From investigations of transport properties of BKBO
BKBO superconductors obtained by different authors forcrystal$ the coupling-constant valug,,=1.7-2.1 was de-
single crystals, ceramics, and films are listed in Table I. Adermined, arguing that BKBO cannot be treated as a conven-
can be seen, the results of measurements of thin BKBO filmtonal weakly coupled superconductor. The vakyg=2 has
in the high-frequency and IR Ref. 16 ranges agree well been obtained from dynamic susceptibility measurements on
with the findings of tunneling measurementsigf and again ~ superconducting BKBO powdéf.However, in Ref. 14 the
indicate also the intermediate character of coupling in thislectron-phonon interaction parameter calculated from the
compound. magnetic and resistivity measurements of critical parameters
The early observation of the isotope effect in BKBRef.  of Bay K 3Bi03 single crystals was 0.48-0.96. From the
10) yielded fairly conflicting results. The theoretical value of examination of the structure phase diagram of B&,BiO;
the isotopic coefficientt=d In T./d In m in BCS supercon- calculations of the constant of electron-phonon interaction

ductors ist,?” assuming that neither Coulomb interaction norfor 0<x=<0.5 were mad@€ and revealed a correlation af,
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values with the experimental dependenceTgfx).*° To il-

=
- < lustrate, for potassium context= 0.4, \ ,,=0.95%° Thus, we
ToQ “ believe that BKBO can be considered as a conventional BCS
- &S Q% w L superconductor with intermediate coupling. However, the
SN U R S S coupling constank ,,=0.35 determined in Ref. 17 also sup-
g & &f;!sa_o' S w B ports the assumption of weak coupling in this material,
a, ; g g gg" cx which runs counter to the findings given in Ref. 21, where
! 6o ddo Ny Aph Was estimated from the specific-heat measurements for
~ the Ba_,K,BiO3 ceramic sample to be of 0.9, and corre-
0 sponds to intermediate coupling. The calculatfoof ther-
- ool Q modynamic properties of BaKy3BiO; in terms of the
x da 20y Eliashberg theory on the assumption of an electron-phonon
~ L. x e . ) . .
5 E) "g:_,; T o 'S:j e interaction gives the following valuesA2 /kgT.=4.15 and
N X3 ; :
==L T Npp=1.18, i.e., this superconductor possesses strong cou-
| o < ph ' ' ) X
g T ~u Y pling (Table | and references cited thergin
S ®eooss The magnetic-field penetration depth is an exception-
g a o T ally important characteristic of a superconductor and its tem-
~Zc2a33 yimp P
:.’_ X - N . perature dependenag (T) is very sensitive to the character
Sl ~8|lx E::'a E:_’ E:_J @ 4 of the coupling. In some papers concerned with measure-
5 E a == =g a, ments of thex (T) by the muon-spin-rotation technigile
g = ﬁ ‘E‘_"’ ?O” ﬁ 2 : and resonant measurement in the high-frequency rihige,
S was shown that BKBO is a weakly coupled BCS supercon-
£ s ductor with A (0)=3300-3400 A. One way of determin-
o S - L .
ﬁ e % ing the temperature dependence \of(T) is measurement
S || « Qe O and analysis of reversible magnetization isothehi(d1) in
5 x oQ y g
g S Exgd the intermediate magnetic fields randg,<H<H_,. In this
g S B Y b region the following relationship between the magnetization
o 00 oo and the magnetic field is valid for high: superconductors:
o <
=] i
) a o . o) 7 | Heo(T)
o 07 52% —4rM(TH) = —— 5 —In+ | —
Sluz|sz528¢ TR g T
< ~ @ o (0]
¥ =4 —-x = (2’9}
3. feBa®™d AmkgT  16mkgh3(T) "
— n s
5 0N Oes® $oCE(T) ™ ap3(T)H Ve
n oag o9 . . . .
I o oA where the first term describes the London regime with the
[ LN M M Uy . .
£ ~|lzeBEee linear M(H) dependencé and the second part arises as a
|| < |gttlre result of thermodynamic fluctuatiori$,¢, is the magnetic
S 0
s fsoo EE % § § flux quantum, andy/l, «, C are constants of the order of
3 O NNN®® unity that depends on the structure of the vortex latticis,
= a the coherence length. It is recognized that thermodynamic
5 S g g y
— . fluctuations in hight. cuprates can affect significantly the
W S field dependence of magnetization and make a distinct con-
g@ 2 |24 P tribution of the fluctuations into th& (H) behavior at high
SX [ L A A A A 4 _
[ oX | temperatured! The temperature rangdT=GT,, where
TE |28 e @ - ; Lo ;
° £g Loy fluctuations effects are observable, is determined by the Gin-
%o NN zburg paramete®, estimated for BKBO crystals previously
o Ta R {L\'o cg‘o_ %.3 % as ~3x10 “ to be markedly lower than one for cuprates
locococoo with the order ofG=102-103.%® So, the use of a short-
< ened first term of Eq(1) in analyzing the BKBO magneti-
: PR e io) zation data at Femperatures_ne'lécr is quite justifigd. The
o _|° & o constantyp/l vanishes under differentiation of the first part of
I‘db forrroel expression(1) with respect tad In H:
)& 0o g
PRSI E M (2)
o o« Y dInH  327\N(T)”
- D £
o) :‘_' = j % g - T Relation (2) for accessible magnetic fields is usually appli-
s T LEgE % o © cable in a limited temperature range closeTtofor an iso-
=g e N ) 5 2 = tropic superconductor free of vortex-lattice pinning. One can
I92(% 333 % LPE determine the slopdM/In H and hence the magnetic-field
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penetration depth\, for various temperatures and analyze Fp(b’,T)=FpO(T)f(b’)=FpO(T)b’p(1—b’)q, (5)
A (T) in terms of the mechanism of pairing. In our previous
paper® a preliminary estimation o, for BKBO single  whereb’=B/B;,(T).
crystals has been given. In this work we have carried out In the majority of HTSC materials over a broad range of
systematic investigations of reversible magnetizatib(H)  external fields the above-mentioned scalifjghas been ob-
isotherms neaf . on the same single crystals with the aim of served. However, the exponential fall of magnetization with
determining the temperature dependencg(T), critical increasing magnetic field is frequently seen at large fields,
fields, and other Ginzburg-Landau parameters. The heat-€., the term b’ in Eq. (5) on this section of the phase
capacity jump, corresponding to the superconducting transidiagramB-T should be replaced bl exp(—b/b’). In this
tion of the BKBO crystal, and the constant of electron-connection, the conclusion has been drawn that one should
phonon interaction are also estimat&ec. Il A). not expect a perfect scalirfg, for high-T. superconductors
Exploration of the temperature and field dependencies oiih so far as the effect of the flux creep and flux flow cannot
the bulk pinning force densitf,, defined agJ.B|,* is a  be neglected® At elevated temperaturef,,(B,T) is deter-
particularly advantageous method for analysis of the pinningnined not only by the critical current density in the absence
mechanism in superconductors. The pinning force scalingf activation process; =F, /B, but also by the activation
Fp(b), whereb=B/B, (B,,, the upper critical fielll is gen-  energy u(y,B,T). Alternatively, in the low-temperature
erally examined in conventional NBn superconductors, range the flux creep is insignificant. In some HTSC com-
since the functional fornfr,(b) has frequently allowed con- pounds, for instance in the overdoped LaSré’BG,p does
clusions to be drawn about the nature of pinning in the manot obey Kramer's scaling laf##. The pinning force density
terial. This asymptotic expression for the bulk pinning forcescaling law of the Ba ,K,BiO3 ., (BKBO) superconductor

has been first derived in Ref. 38 for niobium alloys: with T.~30 K, which are intermediate between conven-
tional and layered high- superconductors, is not under-
Fp= const><[Bcz(T)]2'5f(b), (3 stood yet. These compounds feature a simple-cubic structure,

along with the absence of Cy@hases and magnetic ions in
wheref(b) depends only on the normalized magnetic field.the lattice. We have first seen and studied comprehensively
To put it differently, the knowledge oF , and f(b) for a  the peak effect in magnetization for BKBO single crystals
hard superconductor at temperatiirepermits one to obtain  with x=0.333% The peakF , mafH) shifts to the upper-field
Fp at any fixed temperatur€,. In Ref. 37 the possibility of range with the temperature decreasing while its value rises.
the flux-creep effect on the scalifig, has been dealt with to  The value of the normalized pinning forcE o /F p max
show that it can be ignored in the case of hard superconduct=f(H/H,,,,) is scaled to a single curve up k., for all the
ors. Campbell and Evetf§ as well as Dew-Hughe¥,have  measured isotherms. However, the scaling was disrupted at
demonstrated that in conventional hard superconductors thgigher fields.
pinning force density, by and large can be represented as |n this paper we report on a comprehensive study of the
field dependence of the bulk pinning forég, for BKBO
Fp=Fp(T)bP(1—=b), (4 single crystals with various potassium concentration, and of
. ) ) ) ) the scaling law in dependence of temperature aimed at inter-
wherep<.q depends orii) the defect dimensionalitipoint,  refing the peak effect nature in high- superconductors
two-dimensional, or bulk (i) the type of interactioricore  yith isotropic structure(Sec. Il B). We have also investi-
pinning or magnetic pinning and(iii) the nature of pinning  gateq the effect of seeded growth-induced anisotropy on

center(normal or superconductil_)lgAccording to Kramerfs _ magnetic properties of BKBOx(E0.41) single crystal in
theory, based on the vortex-lattice shear model, the pinning nerconducting staiSec. 1l O.

force follows expressiori4) while the coefficientgp and g

depend on the elastic properties of the vortex lattice and at s s
largeb value f(b) ~ (1—b)2.%* The deviation from the scal- IIl. SAMPLES AND EXPERIMENTAL TECHNIQUE

ing law for F,(4), in turn, with changing temperature and  Magnetic measurements were taken from four single crys-
magnetic field can be related to the effects decaying théals of BKBO. The electrodeposition growth method was
asymptotic behavioF,(b), for instance, the flux-creep ef- used for all the samples. The first three crystals, with potas-
fect and matching effect specified by commensurability ofsjum concentration=0.34, 0.37, and 0.46, respectively, and
the vortex-lattice period and crystal microstructure, as welkypical dimensions of X 2 2 mn?, were grown by sponta-
as of the various nature and size of pinning centers. neous crystallizatioi and exhibited T,=19.5-31 K de-

A number of studies on the scalif, in LaSrCuO?**®*  pending on the potassium concentration. The fourth one,
YBaCuO;**?BiSrCaCuQ;"**and TIBaCuORef. 54 have  ith x=0.41, was prepared by the seeded growth technique
been reported. A high-temperature supercondutfiiSC)  that allows fairly large crystals up to 2 érto be grown with
is distinguished from a conventional hard superconductor ch~3l K and a relatively narrow superconducting transition
high values ofT, short coherence length, large spatial an-to be obtained. The fourth sample had approximately cubic
isotropy, and lower activation energy of pinning. This alsoshape with dimensions 1.821.90x 1.90 mn? and was cut
influences the pinning force scaling lai, as the critical from a central part of as-grown large crystal 05
current and bulk pinning force decrease to zero with the ir« g mn?). All faces of the sample are orienté@00)-type
reversibility fieldBj, which is much lower thaB. . Asetof  planes. One of them is the natural growth surface. To reveal
fields B;,(T) constitutes scaling fields for HTSC materials, any effects related to the growth-induced anisotropy the
and the scaling law for the bulk pinning force is chemical etching technique has been applied to neighboring
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FIG. 1. The stripe defects structure oriented parallel to the natu- g o v * ¢ A E' 2
ral (001) growth surface of Bgsd<o4:BiO3., single crystal was ) ® i me | g
revealed by chemical etching on perpendicular cut of the sample -0.008 - 2 N [
(none could be found on the cut parallel to natural face 5 : A I E ©
= ook v WA ¢
parts of the same crystal. As a result, a stripe structure par- N -0.010 - 285K ¥ 1 & 9@
allel to the growth surface on faces cut perpendicular to this o | o 5 :
one was found. No such structure was obtained on faces > ' » A : '
parallel to the growth surface. The period of etched defects = -0.012 |- 275K 4 S
structure was 1-2m (Fig. 1). The first indication in micro- 26.5K ;
structure evidence to indicate what might be responsible for [ 25K ©
the pinning is presented below. As has been mentioned, the -0.014 | y
sample withx=0.41 reveals the seeded growth-induced an- Bao 59Ko 41BiO3 23K
isotropy. Small-angle neutron scatterif§ANS) was em- i ’ ' '
ployed to investigate this structure, and the SANS pattern 0.016 - g
obtained at room temperature is shown in Fig. 2. The experi- 21K
ments were carried out on the NG-7 spectrometer at the ’ ; ' é ! sla ' 1'0 ’ py
NIST Center for Neutron Research, using both moderate and
In(H)

high resolution. These data were taken with a neutron wave-

length of 12 A, no guides, and the two-dimensional position- o _
sensitive detector at a distance of 12 m from the sample. The FIG. 3. Isotherms of magnetization vs the logarithm of the ap-

square-shaped pattern has its corners in[11€] crystallo-  Plied field for Ba s&K0.4,BiO3.  single crystalopen and solid sym-
graphic direction, and the intensity in any particular directionP0!s denote data measured at increasing and decreasing applied
falls off as 1Q% This Porod-type scattering indicates that f1€d: respectively
the structural defects producing the scattering are conside Quantum Design, MPMS)5over a range of temperature
ably Iarge_:r than the range explored here, consistent with thg_40 K and magn’etic fields up to 50 kOe.
optical mlcrog_raphs that suggest a length scale-fifm. The susceptibility of crystals in the normal state was de-
d The _potgsbsmw concenlgratlolnfof all measured samples Wq&rmined over the temperature range from 40 to 300 K in the
o?ttﬁremcl:rr]estal}fatttirceee rgfain?edt(z-gs ggoi;iiy r':(;eas;rcearlrilsgﬁo field of 6 and 50 kOe and thereafter this contribution was
curve (yz) from neuFt)ron activation analy%i$3) from the r%ubtract'ed from theM (H,T) dependencies to pick out the

: - . magnetic response related to the superconducting state of the
measurements of natural radioactivity of the isotdfie. crvetal

The reversiblg(irreversible magnetization and suscepti- ystal.
bility on the BKBO single crystals at low fields in field-
cooled and zero-field-cooled conditions were recorded with a
superconducting quantum interference device magnetometer An analysis of hysteresis loops!(H) for the BKBO
single crystals with various potassium concentration show
that all the measured crystals featured the peak effect on
magnetization curves over a definite temperature range. The
position of extra maximum on the hysteresis loops is tem-
perature dependent, and the field of the peak effgcte-
creases with increasing temperature.

The measurements in the high field and temperature range
exhibit M (In H) dependencies that are straight lines and are
successfully described by relatidg) in the field and tem-
perature regions under investigation.

Ill. RESULTS AND DISCUSSIONS

FIG. 2. The SANS patterns at two different orientations of
Bay 56K0.41BiO3..y single crystal in th¢001) face: (a) x axis of the
picture coincide§100] crystal direction;(b) x axis of the picture
lies alone[110] crystal direction.

A. Reversible magnetization range

Figure 3 shows measured isotherivigln H) of BKBO
for thex=0.41 crystal, which are typical for all the crystals.
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TABLE IlI. Critical fields and Ginzburg-Landau parameters of B&,BiO, single crystals obtained from

magnetization measurements.

. Composition of the single crystal
Critical parameter of

superconductor Bay.660.388103 Bay.680.3BI03 Bay.59K0.41BIO3

T [K (low field)] 30 29 31

H., (0) (T) 25.0 19.3 20.9

dHg, /dT (T/K) -0.78 —0.65 ~0.6

&0) (A) 36.4 415 40

N (0) (R) ~3089 ~3100 3200

«(0) ~85 ~75 80

H¢1(0) (O 77 74 73

H. (0) (T) 0.21 0.18 0.187

ACIT,, (mJ/mole K) 3.1 2.57 2.79

vy mJ/mole K 2.16 1.8 1.95

N(Eg) (states/eV cell ~0.46 ~0.40 0.44

Noh ~1 ~0.76 ~0.9
The experimental data are well described by the logarithmic IHp)?
field dependencies in the investigated temperature range. AC/TCZW [W (6)

From the same data, using relati(®), we obtained the tem-

perature dependencie_:s O.f the magnetic-field penetratioxﬁhe Sommerfeld constant has been calculated through the
depéh)é'- tr)epr(re]sentled In 'T'g' 4. Cfurve\s_I(T) ar_e well de- use of the relatiold C/T.=1.43y (Table I). As can be seen,
scrlne y the ¢ assica BCS formu RL(T)__)\L(O)(_l_ the y values are close to the corresponding data obtained for
—1)", wheret=T/T_, T is the superconducting transition melted B3 6K o 2:BiO05 (y=2.36 mJ/mol K) 8 for

temperature, and an exponentof 0.5. The valuea (0) as Bag Ko BiOs (y=3.4 mJimol ¥) ceramic samplé&® and
well as some other experimental and calculated parameters = ™

of superconducting single crystals are listed in Table Il. As ;5000
can be seen, the experimentally determined values of per
etration depth\ | (0) for BKBO known in the literature vary 20000
from 803 to 3300 Al%26:1481311.23t myst be emphasized I
that normal inclusions that may be present in the sample ca
lead to underestimating the magnetization value. Sk[c% 80000 -
is proportional to thedM/d In H, the value of penetration 15000 -
depth A\| can be overestimated by a constant multiplier,
though the character of the temperature dependencg(d)
remains the same. But we should mention also that Xx-ray ang  gug00 |-
neutron analysis of our crystalsexhibited single-phase =
character and a high degree of perfection of the as-grow@
crystals as well as practically no normal inclusions. The g
value of magnetic susceptibility of the crystals in the normal &
state, which in the high-temperature range is consistent witt® 40000 -
the data given by other authdi®? verifies the single-phase &
structure. For this reason we have not recalculated the value
of penetration depth related to the possible presence of nol
mal ranges in crystals.

Our recent papet? which deals with estimation of the
temperature dependence of the upper critical magnetic fiels
H,(T) for our single crystals, reveals that ndar, Hq,(T)
is well described by the linear relation that correlates with °
the Ginzburg-Landau theory. The values Hf,(0) and 0 1
(9Hc2/dT)7_ are listed in Table Il with the data. The coher- 20 2 2 26 28 30
ence length £0) calculated from the relationH,, Temperature (K)
= do/2m¢? equals 36.4 Ax=0.34), 415 A¢=037), FIG. 4. Temperature dependence of the magnetic-field penetra-
and 40 A ¢=0.41). With the values fon (0), we can tion depth for B.5d<0.41BiOs., single crystal, derived on the basis
evaluate the Ginzburg-Landau parameter values toxbe of relation(2), which agrees well with the BCS formufaolid line,
=N\_/§~85 (x=0.34), ~75 (x=0.37), and 80 X=0.41), \, (the penetration depth value at zero temperajureset: the
respectively. We may then estimate the specific-heat jump atame dependencies for G 3Bi03., and BaeKozBiO3z.y
T, in accordance with relatich single crystals.

o x=0.34, 7»0=3089A
o x=0.37, x0=3106A

A A

10000

5000

18

20000 -
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FIG. 5. The isotherms of normalized pinning fo€g/F, may as
a function of the reduced field=H/H;, for the Bg ¢d<o.3Bi03,
single crystal. It can be seen that experimental values of reduced } o1
pinning force are satisfactorily approximated by two different é‘ -
curves having a peak, according to relatién for by, of 0.56[2D 06 : Ch
pinning onAx centers(dotted ling] and 0.22[2D pinning on nor-
mal centergdashed ling.

O b O m

P pmax
o

F /F

Bay 6K o 3Bi03 (y=2.31 mJ/mol K) single crystat* From ok
the value ofy one can determine the resulting electron den- i a4
sity of states at the Fermi lev&* (E;) in accordance with
the expression : /8% o

y=2/3m?kiN* (Ey).

(7) ' A N

0.0 A
0.0

The electron-phonon interaction constapf can also be de-
termined fromN* (E;)=N(0)(1+\), where N(0) is the

electron density of states of order 0.23 states/eV cell as fol- H/ Hm
lows from the band-structure calculations for BKBRef.

59) (see Table ). The values of\,,~1, ~0.76, and 0.9
point to the fact that the single crystals BaK,BiO, with

FIG. 6. (&) and (b) The isotherms of the normalized pinning
force F,/F, max @s a function of the reduced fiels=H/H,, for
_ _ _ . _ Bag sKo3Bi05, single crystal fitted to Eq(5) [fittings reveals

x=0.34,x=0.37, andx=0.41, respectively, are supercon- > %% >t ing and 0.6(dashed ling solid line corre-

ductors with intermediate coupling. h lear] he ch ;
From analysis of the magnetic susceptibility data for thesl.oon.0|S to the sumAs ¢an be. clearly seen, the character of vortex
inning changes drastically in 23T<24 K due to a type of 2D

BKBO single crystals in the normal state there was Obtaine@inning-center variation.

at temperatures from 250 to 300 K the valyeis —5

X 107° emu/mol &=0.34) and —4x10 ° emu/mol

=0.37). In general, the magnetic susceptibility of the crystafor BKBO (x=0.4), the diamagnetic contribution of conduc-
in the normal statg consists of several contributidfizon-  tion electronsy, constitutes a negligibly small fraction of
nected with(1) the Pauli paramagnetisyy ; (2) the Landau  xp. The contribution ofy, is also disregarded by us and
diamagnetism of conduction electrogs; (3) the Van Vleck the magnetic susceptibility of the BKBO single crystals be-
paramagnetismyy ; (4) the electron core diamagnetism comesy= xp+ xcore- The last value can be estimated from
Xcore: and (5) paramagnetism of impuritiegi,,. The last  the tabulated values of the radii of occupied electron shells
contribution for BKBO crystals is very small. This is also for B&*, K, Bi®", and G :* y.e—=-7.8
consistent with insignificant volume of normal areas as asx 10 > emu/mol. On this basis we derive the values 2.67
sumed by us in the investigated crystals. The valuggof X107 ° emu/mol &=0.34) and 3.X10°° emu/mol

= —(m/m*)z)(p/3 and, assuming that*/m~7 -8 (Ref. 2J) =0.37) for a contribution of the Pauli paramagnetism. The
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TABLE lIl. List of F, scaling low parameters for Ba,K,BiO3,, single crystals with different potas-
sium content.

Potassium Exponent value Exponents Temperature
Sample no. content n m p q ratio b/« (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.Lsurface) 19-27
1.21 2.93 6.39 0.31
0.78 9.8 0.07
4 0.41 {H|surface) 19-27
121 2.96 6.58 0.31
5 0.46 1.40 1.18 0.58 2.94 0.16 12-18

resulting density of electron states at the Fermi level is reH; (T)~(1—T/T,)™, thoughm=n. The exponents andm
lated to the Pauli susceptibility through the well-known ex-yary depending on potassium content in the crystal as listed
pression in Table 111
_ The analysis of the field-dependent valukMH (AM is a
Xp=Na(2u3)N* (E;)=2x0.3233¢10 *N*(Ey), (8) hysteresis loop width anid ~ B), proportional to the pinning

whereN,, is Avogadro’s number angg is the Bohr magne- force density, has revealed a similar pattern in the tempera-
ton. The value of the density of statd# (E;) determined ture rangeT<20K for all the investigated crystals. The
from the Pauli susceptibility in accordance with Eg) is ~ Fp(H) function goes through a maximum and shifts to a
0.42 and 0.56 states/eV cell for crystals witkr 0.34 andx  lower field range as the temperature increases, while the
=0.37, respectively. Hence, the total sum of the density offaximum amplitude decreases. The normalized pinning
statesN* (E;) calculated in terms of the specific-heat jump force values=, /F ma=f(b”), whereb”=H/H p, for all the
close toT. (Table I) and of magnetic susceptibility in the
normal state agree satisfactorily. 1.0

Earlier we have estimated by SIN tunneling measure-
ments the superconducting gap magnitude &,XKgT
~4.17 which is significantly larger than the value of 3.5 for
an ideal weak-linked BCS superconductor. In accordance
with the Toxen empirical formula the gap and thermody-
namic critical fieldH are related at low temperature®y

0.6
2A/kgT=2T /Ho(dH(T)/IT), 9

p pmax

where Ay andH, are the gap and thermodynamic critical
field values afl =0. Note that two independent crystal char-
acteristics, the gap and the slopetof(T) at T. are com-
bined by relation(9). The right part of Eq(9) was calculated
from magnetization data to be of 4.0. The sm@a#2.5%
difference between SIN tunneling and calculated data allows
us to determine that BKBO is not a weak-link supercon-
ductor. The relatiorkE, = H§HC1/2HC2 also provides an esti-
mate of the energy of vortex nucleation EfU/(H§/87T) 0.0~
~4.75¢10°2, 00

L\I— q
WS 044

H/H.

B. Irreversible magnetization range ) ] o
. FIG. 7. The isotherms of normalized pinning fol€g/F ; rax as
As was mentioned above, all the crystals that have beeg function of the reduced fieki=H/H, for the B 540468103+

measured reveal the peak effect in magnetization curves ovefngle crystal scaled to a single curve by the unified pinning mecha-
a broad temperature range. The temperature dependence f¥m over the whole temperature range investigafitting reveals

H, is described well by the power laW,~(1—T/T.)". The b/, of 0.16 corresponding to single vortex pinning by randomly
irreversibility line H;,(T) is also described by the function distributed 2D normal centers



12 362 S. N. BARILO et al. PRB 58

1.0 ——% " 0.00 F
§ Y a
% ® o -18K N
2% o - 20K 002 H=100e
0.8 g g, o o oak 0.02} | zFc
% A o -27K -
A 62 H.surface IS
o6ff o 3 004}
=Y >
x & % ~—
E B B >
we |3 R b=
i . o)
Lo04f ° j,g"%% T 006r
: o
3 e %0 8
;0% bS >
? ; iy AA & o)
02F ; o AAAAZO -0.08 + y 5
, %%, %}g _ —o—HL
L, B K —x—HIl
0 0 ,’/ " 1 N ! %?DCD.S:F%:‘O% _010 L 1 . 1 N L i . 1 N Il
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35
H/H Temperature (K)
wr
1.0 2 0.000 F
g b
b3
32 o -18K
0.8 1€ % 4 -20K -0.002 -
& o -24K
g g o -27K T
M Ro Hlisurface e
osfg ¥ 3 0004}
s % =
i G >
u_g ? 12 0o, =
¢ 0
L2046 A £ 0006
Lo [ )
S8 £ 3]
5 / L 9o @6 3
‘/ -_‘ OOEI \\A& (D
0.2 / o X -0.008 -
2 ,/ o o \?A
h g “‘. o D0 Xéa | —o—Hi
b “, © Oﬂf\ﬁ& —*—HIl
0.0 ,/ ) | . "..- ..... ] \(ﬁ% -0.010 N | N 1 . ! . ¢ N 1 . L .
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35
H/H Temperature (K)

FIG. 9. Temperature dependencieq@fthe magnetic shielding
(zero-field coolefl and (b) the Meissnerfield cooled signals for
the BasdKo4BiO34y single crystal(with demagnetizing factor
taken in account Field-cooled Meissner susceptibility is distinctly
different for both field orientations in the whole temperature range
indicating a stronger pinning in low fields fof, .

FIG. 8. The isotherms of normalized pinning fo€g/F, may as
a function of the reduced field=H/H;, for Baysd<g4BiO3
single crystal scaled to Eq10): (a) HL the natural crystal surface
[p=0.85,q=28.82(dotted ling; p'=2.93,q' = 6.39 (dashed ling;
(b) HIl the growth surface of crystap=0.78,q=9.8 (dotted line;
p’'=2.96,q' =6.58(dashed ling]. The data seem to indicate, simi-
larly as for Ba s&Ko4dBiO34y, the importance of theSl pinning
related to the spatial variation of the charge-carrier mean free patteters that are listed in Table 1ll. Examples of fitted curves are
presented in Figs. 5-8. It is well known that& g for con-
crystals are aligned with one curve upHg,., (see, for ex- ventional hard superconductors, as well as for copper-
ample, Ref. 3B For temperature¥>23 K nearT,, though, containing HTSC YBgCu;0;_ s (YBCO),***!BiSrCaCuO?’
the deviation from the single asymptotic behavior in theand TIBaCuCG2 In our case this condition is satisfied with
whole magnetic field range is clearly seen. For instancethe BKBO single crystals of potassium conteqt 0.41 (T
compounds withk=0.34, 0.37 tend to change the character=19-27 K), x=0.46 (T=12-18 K), but forx=0.34 and
of dependence as the temperature rises from a curve with@37 at temperatures closeTg only. The conditiorp<q is
narrow peak to a curve with a broader one. in agreement with the concept of the critical shear strength of
The normalized pinning force density of the investigatedthe flux lattice introduced by Kramét. However, in the
BKBO crystals yielded via expressigb) the scaling param- lower temperature range the relatipp-q was obtained for
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crystals withx=0.34 and 0.31Figs. 5 and & As could be 0.6
clearly seen in Figs. (@) and 8b), the character of vortex
pinning changes drastically dt<23 K for the sample with :
x=0.37. 04
It is recognizet that the peak positions OR,/Fp max
=f(b’) curves point out to the pinning mechanism and could [Q
be determined as/,,,=p/(p+0q). Theb,,, values for crystals 0.2 _,q‘:Q
with different composition are also summarized in Table Ill. B o2l i
From Figs. 5 and 6, in accordance with the above-mentioned - D\D‘&&B‘\B'O‘OOO. He)
model, one can make an assumption for crystals with )
=0.34 and 0.37 aboljt) the character of the pinning centers
being two dimensional2D); (ii) two different types of pin-
ning centergnormal andAk); (iii) the peak effect being due
to the crossover between at least two different pinning 0.2
mechanisms induced by external magnetic field and/or tem-
perature.
For the BKBO single crystals witk>0.33, as established 0.4
in Ref. 36, the peak effect exists though no exhaustive ex-
planation has been provided. In the YBCO and BiSrCaCuO
systems the peak effect occurs but has a different interpreta- ‘ o
tion. Thus in the case of YBCO the peak effect is accounted '0'60 10000 20000 30000 40000 50000
for by employing(i) the model of superconductivity depres-
sion by a magnetic field in oxygen-deficient ranges that be- H(Ce)
come the pinning centetsor (ii) the model of crossover FIG. 10. Volume magnetization hysteresis loops for two differ-

from the single to collective flux creep leading to the reduc-gp; grigntations of the field to the natural growth surface of
tion of magnetization relaxation in intermediate fietdThe Baysdo41BiOs, single crystal. Inset: for better presentation of

matching effect has been proposed in Ref. 65 to explain thgeak effect, the low-field region is omitted.
peak effect in BiSrCaCuO. The peak effect in Tl-based

single crystals is related to the softening of the vortex IatticeStructure of defects oriented parallel to the natural growth
making for the pinning efficiency with plausible 3D to 2D surface of crystal has a period approximately gfub (Fig.
transition or melting of the 3D lattice; in this instance the
anisotropy of electronic properties=(m¢/m;,)*? is fa- The critical temperatur@, as obtained from the extrapo-
vored. _ o _lation of the maximum slope of(T) to x,, determined
The findings for scaling law for the bulk pinning force in ¢om  (T) after zero-field cooling in an applied field of 10
cubic single crystals of BKBO with various potassium CoN-e, is equal to 30.5 KFig. 9). This value is greater than
centration indicate that the peak effect in crystals with 0se observed previously for BKBOx£0.34, 0.37, and
=0.34 and 0.37 is related to the crossover of two pinningy 46 crystals®® Such a value of . indicates that the oxygen
mechanisms as the magnetic field increases. At the same . aontration is close to the optimal ope~ —0.05 (Ref.
time our observatiop of the sca]ing behavior _O.f the_ crystal66)]_ The shielding effect it .= 10 Oe is close to ideal of
with x=0.46(Fig. 7) is well described by the unified pinning 1/4;: taking into account a demagnetizing factor. The anisot-
mechanism over the whole temperature range investigate py in the zero-field-cooled data is reflected only in some
From our ear_lier study on the same §ample, the dependenggarances in the transition regiofFig. Aa)]. The field-
of the relaxation rate value &(H) at different temperatures  ;q1eq Meissner susceptibility is distinctly different for both
has been plotted. Th&(H) peaks on the isotherms WETE field orientations in the whole temperature rafg. Ab)],
observed forH~0.5H, (H, marks the peak-.effect.ﬁe)& indicating stronger pinning in low fields in the case of the
These data contradict the suggestlon' that dimensional crosgyiernal field oriented perpendicular to the natural growth
over between 3D and 2D vortex stricture causes the peakface of crystal #,). On hysteresis loops a relatively
effect in the sample. The detailed analysis with the predicyegk peak effect was observed in the low-temperature range
tion of the theoretical models describing so-callgfi, and ¢ 3_7 K. The position of the peak depends on the field
51 pinning® revealed a conclusion that the single-vortex pin'orientation(Fig. 10 being shifted to higher fields foH, .
ning by rand.omly distributed 2D normal centers occurs iNThe width of hysteresis loopM behaves as followsa) the
the crystal withx=0.46. ratio of AM(H,)/AM(H,) is a function of temperature and
magnetic field, but its maximal valu@.9-2.3 is practically
independent of temperature in the range of 3—27 K. The
. position of this maximum shifts from higher to lower fields
for Bagsd0.4B103+y with increasing temperature. It changes from a broad maxi-
The first indication in microstructure evidence to indicatemum (in the range from 25 up to 48 kQat low T (3—7 K)
what might be responsible for the pinning is presented beto a somewhat complicated structure in small fields up to 1.5
low. As have been mentioned, the sample with0.41 re- kOe at 27 K[Figs. 11a), 11(b), and 11c)]; (b) at tempera-
veals the seeded growth-induced anisotropy. The stripture of T=3-18 K, in the entire field rangd <50 kOe the
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FIG. 11. (8, (b), and(c) Ratio AM(H,)/AM(H,) as a function of external magnetic field for several temperatures. It should be
underscored that the conditiadeM (H, )/AM(H;)>1 is fulfilled except in the higher-field region &&=20 K in the rest of theH-T range
investigated.

value of AM(H,)/AM(H,) is larger than 1(c) at 20 K and critical current. The interlayer borders play two different
H=14 kOe the ratio is close to 1¢)) at higher temperatures roles in the case of magnetic field oriented parallel to the
(T>20 K) and magnetic fields (14 k@eH<H,,) the ratio  nhatural surfacelf;): first of all, they act as weak links lim-

is less than Areaching a minimum of about 0.6The irre-  iting the critical current density and second they act as two-
versible magnetization anisotropy is clearly seen to be théimensional pinning centers. Weak links are responsible for
opposite character aAM(H) curves cross sections under the ratio AM(H,)/AM(H;)>1 in the majority of H-T
small and high external field¥ig. 12. It should be empha- space, whereas an existence of natural 2D pinning centers
sized that the conditiodM(H,)/AM(H,)>1 is fulfilled plays a significant role in the higher-field region &t
except in the higher-field region, @=20 K. This could be =20 K resulting inAM(H,)/AM(H;)<1. Because the ef-
explained by taking into account the chemical etching ex{fectiveness of both mechanisms depends differently on tem-
periments. The results could be understood assuming thaerature and magnetic field, this leads to a complicated de-
during the seeded growth of crystal some kind of macropendence of the ratio verstiband T (Fig. 11).

scopic layered structure was formédith a period of 1-2 Simultaneously, some part of oxygen defects can be or-
um, or even smaller, not detected by chemical etching techdered along the direction normal to the natural surface as an
nique we used which is responsible for an anisotropy of effect of the application of an electric field of this direction
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0.12 —553 potassium content. The isotherms of reversible magnetiza-
tion were used to estimate the most important characteristics
of the superconductors with a cubic structure. The values of
the electron-phonon interaction constantigf~1, ~0.76,

and 0.9 for Ba_ ,K,BiO3,, with x=0.34,x=0.37, andx
=0.41, respectively, have been obtained. The data show that
the family belongs to oxide superconductors with at least
intermediate strength of coupling.

It could be concluded now, from the irreversible magne-
tization data analysis, that pinning in cubic BKBO is caused
by an interaction between either the flux-line lattice or indi-
vidual vortices and the microstructure of the superconductor.
The microstructure provides some spatial variation of the
o000k basic superconducting properties, and thus the strength of the
5000 10000 15000 pinning is related to the basic superconductivity, and there-

H(Ge) fore involves the thermodynamic critical field. For true pin-
T=24K: —0— Hilsurface nin_g th(_a scaling must be to the thermodynamic c_ri_tical _field,
— A— Hisurface which, in turn, can, viag, be related to the upper critical field
T=27K: —%— Hllsurface H.,. If the pinning force is defined by the moment at which
—H— Hisurface the flux breaks away from the pinning centers, then the scal-
0.00 L Wit 0 -8 0c 5 ing for the oxide superconductor will follow relatic). If
) 5000 10000 15000 20000 25000 the flux lattice begins to shear, whether by the dislocation
H(Oe) mechanism DgW-Hughes propo_é@dpr by some other.
means, the critical Lorentz force is related to the properties

FIG. 12. The irreversible magnetization anisotropy for differentOf the flux-line lattice, and in particular, the elastic constants
external-field orientations to the natural surface for theOf the lattice. These usually show something that approxi-
Bay 5d<0.4BiO3., single crystal grown on a seed. Inset: the oppo-matesF,~b¥%(1—-b)? and it is not unreasonable that in
site character is clearly seen faM (H) curves cross section under HTSO they might scale to the irreversibility field, i.d,
small and high external fields. =B/B,,, as this is the field at which the lattice constants go
. o0 zero. If we now look at our results, those for 0.46 (Fig.
during the crystal growth process. The presence of SUCB) joany indicate that at all temperatures the flux is so
rather low dimensional defects, which can be effective a%trongly pinnedby the unified pinning mechanism over the

pinning centers ir_‘ low magne_tic field O.f o_rientatichhl, whole temperature range investigatéliat the lattice shears
could be responsible for the difference in field-cooled susyqo¢qra unpinning. This is also the case for the other three

ceptik_)ility [Fig. ab)]. It hasf been. found _that_ the. changes 0fcompositions at temperatures negy. The curves at the
the plnmng.for.ce(or rather its main contributigrwith exter-  1ower temperatures could scale as those that drive relation
nal ma@gneﬂc fleld_and temperature can be well described bz,g) if the reduced field were related B, rather than the
the universal scaling law lower B;,,, with a cutoff asB;,, is approached. This requires
Fol/Fpma— ABPY(1—b)3+BbP2(1-b)%, (10 @ mechanism whereby the flux is pinned at lower tempera-
) ) tures with a pinning strength less than the shear strength of
whereb=H/H;, [Figs. 8a) and 8b)]. The obtained results the |attice, but which changes with temperature less sharply
(Table 11) seem to indicate, similarly as for BKBOX( than does the lattice shear strength so that at high tempera-
=0.46), the importance of the depinning related to the spagres the lattice shears before it unpins. We can assume that
tial variation of charge-carrier mean free path. such changes take place in BKB&=0.41) with a high
~ The observed peak effect seems to be caused by a varigropapility. In particular, the observed peak effect seems to
tion of the d-pinning character due to a sharp change ofpe caused by a variation of th# pinning character due to
pinning center geometry from a surface to a point with de-sharp change of pinning centers geometry from 2D to a point
creasing temperature. o o with decreasing temperature. From the data obtained we can
It was found that in the limit of the estimation of errors -gnclude for crystals wittx=0.34 and 0.37 thafi) there is
H;, does not depend on the field orientation. In the temperasp geometry of the pinning centers in all the temperature
ture range of 18—27 K, where the irreversibility field could range observedji) there are two different types of pinning
be estimated; displays a power law of the reduced tem- centers(normal andAx); (iii) the peak effect is due to the
perature T/T;) according to the relationH;=132(1  crossover betweedl and 8T, pinning mechanisms induced

—T/30.5)*' kOe. The reversible part of magnetization py external magnetic field and/or temperature.
curves is identical for both applied-field orientations, which

indicates the isotropy of penetration depth under these tem-
peratures. ACKNOWLEDGMENTS
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