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Abstract

Ž . Ž .We analyse and compare properties of different models proposed so far for modelling the shapes of F B and J B
Ž .curves measured in RE-Ba Cu O RE-123, REs rare earth samples. The formulas following from the discussed2 3 7yd

models allow for a direct fit of experimental data in various representations. The models divide in two categories, according
to the pinning potential used, namely the power-law and the logarithmic potential. We show that none of the pinning regimes

Ž .proposed for low-T superconductors accounts for the fishtail effect FE observed in high-T materials. The conventionalc c

expressions allow a good fit of high-T experimental data, however, the resulting fitting parameters are much higher thanc

those predicted by the theory. The logarithmic pinning potential justified in high-T materials by both magnetic and transportc
Ž . Ž .experiments leads to F B and J B functions that decay exponentially at high fields. The fit of experiments on a wide

range of RE-123 samples, using only one free parameter, is nearly perfect. The role of free parameters is discussed in all the
models. q 2000 Elsevier Science B.V. All rights reserved.

PACS: 74.60 Ec; 74.60 Ge; 74.60 Jg
Keywords: RE-Ba Cu O ; Fishtail effect; Rare earth2 3 7yd

1. Introduction

Although the understanding of physical back-
ground of the critical current enhancement at high

Ž .fields peak or fishtail effect, FE is still incomplete,
FE has gained a significant importance in bulk appli-
cations of high-T superconductors. Economical as-c

pects of such applications like superconducting per-
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manent magnets, fly wheels, bearings, superconduct-
ing motors etc. put strong demands on the physical
properties of materials in use. Critical currents are
required to be as high as possible, especially at high
fields.

Numerous explanations have been proposed for
this phenomenon, as a matching effect, a field in-
duced granularity, field induced pinning site activa-

Žtion e.g. due to T fluctuations, so called Dk- orc
.DT -effect , field dependent creep effects, crossoverc

of pinning regimes or a phase transition in vortex
matter. The appearance of a secondary peak on
magnetisation curve reflects rather complex interac-
tion of the operative pinning structure with the actual
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vortex matter and this allows a wide field for specu-
lations.

Anyway, the question of a relevant pinning struc-
ture becomes now more transparent. A series of
experiments on differently oxygenated clean
YBa Cu O single crystals has identified the ap-2 3 7yd

pearance of FE with existence of randomly dis-
w xtributed oxygen-deficient zones in the sample 1–7 .

A similar conclusion was also drawn for clean
w xNdBa Cu O single crystals 8 . Angular mea-2 3 7yd

surements of an induced magnetic moment in differ-
ent RE-123 compounds gave evidence that the spe-
cific FE shape is there related to the vortex pinning
by an isotropic uncorrelated pinning disorder.
Though the principal source of pinning in RE-123
materials are most probably oxygen vacancies, a
similar role can most probably play also fine parti-

w xcles of RE-211 or RE-422 phases 9–12 , Nd-rich
w xclusters 13,14 or other imperfections of an appro-

priate size.
w xThe works of Kupfer et al. 3,4 , Nishizaki et al.¨

w x5–7 and others dealt with a weak pinning disorder
in clean Y-123 single crystals. These studies gave
evidence of a rich structure of the B–T phase dia-
gram close to irreversibility line. In the framework of
these studies the secondary peak appears on the
border between zones of a relatively weakly pinned
vortex lattice and a vortex glass that much better
accommodates to the pinning structure and is, there-
fore, better pinned. The low-field slope of the peak
Ž .the increase of pinning with field is thus attributed
to the crossover between these two regimes. A simi-
lar behaviour has been also observed on Bi-2212

w xsingle crystals 15,16 and other compounds. A strong
pinning disorder, resulting in RE-123 materials in the
famous fishtail peak, follows probably a similar sce-
nario. Only the phase diagram is simpler, with a
monotonous decay of the peak effect with increasing
temperature up to T and without any re-entrantc

w xbehaviour 3,4 .
The knowledge of the principal pinning agent and

the vortex phase diagram related to the peak effect in
RE-123 are certainly basic for understanding the
field and temperature dependencies of this phe-
nomenon. However, a microscopic theory that would
correlate characteristic empirical parameters with mi-
croscopic properties is still missing. This theory
would enable the material characterisation and might

help in identification of more effective pinning
mechanisms for enhancement of critical currents and
irreversibility field.

In this paper, we restrict ourselves to the strong
pinning disorder. We compare several models used
in the analysis of magnetic and transport data in
superconductors, with a special attention to the de-
scription of FE in RE-123 materials. We hope this
analysis may help in development of a satisfactory
model that would fully explain the empirical be-
haviour of macroscopic magnetic quantities in terms
of microscopic processes active at different stages of
the sample magnetization.

2. Classical pinning theories

The classical theories usually solved the case of a
rigid or slightly elastically bound vortex lattice. Re-
laxation phenomena were mostly omitted as not sub-
stantial for conventional superconductors. Interaction
between the vortex lattice and the system of pinning
defects was treated in terms of the pinning force
density, FsBJ, where B is the applied field and J
the critical current density. It was empirically found
w x17,18 that most experimental data in conventional

Ž .superconductors, expressed in terms of F B , scale
with field and temperature as

qr pF B AB b 1yb , 1Ž . Ž . Ž .c 2

where bsBrB and r, p, and q are positivec2

empirical parameters reflecting the microstructure
w xfeatures of the material. Kramer 18 proposed a

Ž .model explaining the peak in F B dependence by a
crossover from the regime individual vortex pinning
at low fields to the regime of an elastically interact-
ing vortex lattice at high fields.

For testing the scaling property with temperature
and field, it is useful to write the Kramer’s law in a
normalized form. It is easy to show that the peak
position B and the upper critical field B arefp c2

Ž . Ž .interrelated by factor pr pqq , thus Eq. 1 can be
expressed as

pqq
pqqŽ . qpF s b 1yb , 2Ž . Ž .n p qp q
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or, in terms of b sBrB , asfp fp

qp
pF sb 1q 1yb . 3Ž .Ž .n fp fpq

Analogous expressions for the normalized current
density j can be simply obtained by replacing p byn

Ž .py1 in the above equations. Note that while F Bn
Ž .exhibits maximum even for 0-pF1, j B contin-n

uously decreases with increasing field for pF1.
Thus only p values higher than 1 are relevant for the
fishtail shape, which excludes most of the previously

w xtreated situations 19–22 from the consideration in
w xhigh-T superconductors 23 . Only two cases fromc

those theoretically studied so far can produce a
Ž .maximum on the J B curve: The pinning by super-

w x Žconductive point- and surface-defects 19 so called
.Dk pinning , with ps1.5 and ps2, respectively.

However, these peaks have steep high-field slopes at
ŽB the derivatives being y2.6 and y4 at B ,c2 c2

.respectively , and do not resemble the FE shape
Ž .observed in RE-123 materials where the j B isn

usually at high fields strongly depressed.
Ž . Ž .As the course of both F B and J B dependen-

cies is at high fields controlled mainly by the term
Ž .q1yb , the derivative of which at B™B is zeroc2

for q)1, finite for qs1, and becomes infinite for
q-1, only q)1 is relevant to the FE shape experi-
mentally observed in RE-123. This is manifested by

Ž . Ž .Fig. 1 where j b dependencies according to Eq. 2n
Ž .with p replaced by py1 are shown for ps2 and
q varying between 0.2 and 4. Evidently, for this p

Ž .Fig. 1. The normalized j b curves, bs BrB , according ton c2
Ž .Eq. 2 , with py1s1 instead of p, and q varying from 0.2 to 4.

Only the curves with q)2 resemble the experimental FE curves
observed in RE-123 materials.

value the typical fishtail shape is well reproduced by
qG2. A p value increased above 2 shifts the peak
to even higher fields, which requires also a higher q
value to fit the experimental data. We conclude that

Ž .the use of the Kramer’s scaling law 1 in the
analysis of a fully developed fishtail effect in RE-123
materials requires rather high values of the parame-
ters p and q that miss so far a theoretical explana-
tion.

For fitting experimental data with Kramer’s law it
is remarkable that the relative position of FE maxi-
mum with respect to B is controlled by bothc2

parameters p and q, and the same applies for the
curve width.

Ž . Ž .If the peak positions on both J B and F B
curves, B and B , respectively, and also B arep fp c2

Ž . Ž .experimentally accessible, the F B and j Bn n

curves can be modelled using the p and q values
determined analytically as

B B yB B B yBfp c2 p fp c 2 p
ps ; qs 1y .ž /B B yB B B yBc2 fp p c 2 fp p

4Ž .

3. Recent models based on a power-law potential

w xYeshurun and Malozemoff 24 pointed out that
the thermally activated giant flux creep in HTSC
results in the critical current disappearance at the
irreversibility field B instead of B . The authorsirr c2

concluded that the activation energy per vortex be-
Ž .comes limited by flux line spacing d «l . This

leads to the field dependence of the activation energy
U ABy1 or U ABy3r2 for the activation volume0 0

limited in the direction along the vortices by j , the
superconductive coherence length, or d, respectively.
In contrast to classical theories, U decreases at high0

fields as a power of field.
w xFabricatore et al. 25 modified the classical ap-

proach by using as a field reference the empirical
value B instead of B . Alternatively, the authorsirr c2

assumed the two cases suggested by Yeshurun and
Malozemoff, VAd3 and VAd2j , and derived an
analytical relation between B and B for theseirr c2

w xtwo cases. In accordance with Ref. 24 they re-
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stricted themselves to the Anderson–Kim current
regime and arrived in this case at the expression

FAbg 1ybe , 5Ž .Ž .i i

with es1.5yg for the activation volume Vsd3

and ´s1yg for Vsd2j . If we apply the extreme
Ž .condition onto relation 5 , we get

greeqg eqg
g eF b s b 1yb . 6Ž . Ž .Ž .n i i iž /g e

Ž .For the Bi Sr CaCu O Bi-2212 samples studied2 2 2 10
w xin Ref. 25 none of the cases es1.5yg and

es1yg gave a good fit of the experimental data.
If ´ and g would be left as free parameters, then
Ž .Eq. 6 serves a similar possibility to fit experimental

Ž .data as the classical Eq. 2 . Note that we can
identify g with p, which implies that for an appear-
ance of the fishtail maximum g has to be higher than
1.

To extend the model over the Anderson–Kim’s
critical currents regime, Fabricatore et al. used the
empirically found relation between electric field and
critical current density in the superconductor. This
relation implied the use of another type of pinning
potential. This extension is therefore out of the scope
of this chapter and will be discussed in the next
section.

A comprehensive study of the flux dynamics in
w xhigh-T materials was made by Yin et al. 26,27 .c

Besides relaxation effects the authors took also into
account the energy dissipation due to viscous forces

Ž .acting on the moving vortices. The F B depen-
w xdence derived in Ref. 27 for a high-T superconduc-c

tor in critical state can be written in a close form as

q 3nX sq1 ys qF b sa T b Cyb 1yz b bŽ . Ž . Ž . Ž .i i i i

= ys q1yz b b qE r r J b , 7Ž . Ž .i c n c 0

XŽ . Ž . yqŽ .q sq1where a T s a T C C y 1 B , C sirr
Ž . Ž Ž .. ŽB rB , b sBrB , zsa T ra T B , bs Cc2 irr i irr irr

. Ž . Ž .y1 r Cyb , bsBrB , T B is the irreversiblei c2 irr

temperature for the field B, r is the normal resistiv-n

ity, E is the limiting criterion set on the electricalc

field, J is the critical current density in absence ofc0

flux creep, s, q, and n are empirical parameters, and

Ž .a T is the temperature-dependent factor from the
empirical Ansatz

qsU T , B sa T B 1yb . 8Ž . Ž . Ž . Ž .0

Ž .Formula 7 consists of one term increasing with a
Ž .power of B for positive s and three terms decreas-

ing at different rates with increasing B. Such a
function develops a maximum at an intermediate
field B . For s01 and q02 and for B(0.9 B ,fp irr

Ž .the product of the last two brackets in Eq. 7 equals
1, up to a few percent. This product drops fast to
zero only above 0.9 B where the rest of theirr

expression is already small. We can therefore write
an approximate relation

qX 1qsqq sq1F b sa T C b 1yb . 9Ž . Ž . Ž . Ž .

We see that the Yin’s approach results in a scaling
relation very similar to the classical Kramer’s law.
The effect of creep is included in the parameter C.
By identifying p with sq1 all conclusions regard-
ing the classical model can be used also for this
approximation. As C is field-independent, the ap-

Ž .proximate normalized pinning force density, F b ,n
Ž .is expressed by the classical Eq. 2 . To reflect the

experimental fact that the critical current disappears
at the irreversibility field, B , the applied fieldirr

should be reduced to B . This can be accomplishedirr

by replacing b by b rC. The factor C can bei

determined experimentally or used as an additional
free parameter for fitting. A normalized critical cur-

Ž . Ž .rent density j b can be derived from Eq. 2 byn i

replacing p by s, and, as above, b by b rC.i

The parameters s and q can be again determined
Ž .analytically using formula 4 with p replaced by

sq1. Besides B , B , and B values needed forp fp c2

determination of s and q, B is also required for theirr

estimation of C.

4. Models based on a logarithmic potential

w xFabricatore et al. 25 explored the relation com-
monly found in transport measurements,

kTrU0E
JsJ , 10Ž .0 ž /E0
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which can be translated into the logarithmic depen-
Ž . Ž .dence U A ln JrJ . In the derivation of F Beff 0

dependence only low field region was considered,
where, following the classical approach, F , thep0

ideal pinning force density without thermal activa-
tion, was approximated by a power of field, Bg. The
authors obtained a rather complicated expression1

F b sR b C b i
e

, 11Ž . Ž .i 3 i

w ith R s J B , b s B r B , C s3 0 ir r i i r r
Ž .lnŽ J irr r J0 .rlnŽEr E0 .ErE , and es1.5yg for the ac-0

tivation volume Vsd3 and es1yg for Vsd2j .
Eq. 11 in a normalized form is much more trans-

Ž .parent see Appendix A ,

eF b sb exp 1yb re , 12Ž .Ž . Ž .n fp fp fp

Ž .with F sFrF B and b sBrB . The field scalen fp fp fp
Ž .B can be introduced in Eq. 12 by replacing b byirr fp

w xb rb where b sB rB . In Ref. 25 , a satisfac-i fi fi fp irr

tory fit of the transport experimental data in the
Bi-2212 sample in fields below 0.4 B was achievedirr

with this formula with es1.5yg and b s0.16.fi

However, the linear field dependence of the factor
Ž .standing before the exponential function in Eq. 12

Ž .implies that the corresponding J B dependence is a
decreasing function of field in the whole field range
and thus does not exhibit any fishtail maximum.
Therefore, this model in its original form is impro-
priate for interpretation of FE data in RE-123 materi-
als.

Another approach using logarithmic pinning po-
w xtential was chosen by Perkins et al. 28 . The authors

treated a general thermally activated creep process,
described by the classical formula

Ueff
EsBn x exp , 13Ž .ž /kT

where E is the electric field in the sample associated
with the magnetic induction during an applied field
sweep, B is the applied magnetic field, n is the
attempt frequency, x is the mean vortex hop dis-
tance, U is the effective energy barrier for ther-eff

1 Ž . w xThere is a misprint in Eq. 26 of Ref. 16 . Here we present
the correct result, as derived in the Appendix A.

mally activated jumps, and J is the critical current
density. The authors considered U to be a functioneff

of T , B, and J, written in the form

U T , B , J sU T , B V JrJ T , B , 14Ž . Ž . Ž . Ž .eff 0 0

where U and J are characteristic energy and cur-0 0
Ž .rent scales, respectively, and V JrJ is a function0

Ž .describing the current dependence U J . It waseff

pointed out that the empirically found scaling of the
Ž .magnetic hysteresis loop MHL with the electric

field E implies that the characteristic scales of J and
U are power-law functions of the applied field,eff

J AB m and U AByn, m)0 and n)0. The analy-0 0

sis of the magnetic measurements on Tm-123 showed
w x Ž .28,29 that the function V JrJ was logarithmic.0

Ž .As mentioned above, the logarithmic U J depen-eff

dence is in accord with the power-law relation JrJ0
Ž . bs ErE commonly deduced from transport ex-0

periments.
The logarithmic potential causes the critical cur-

rent density to decay in high fields exponentially
w xwith increasing field 28 ,

JAB mexp cB n , 15Ž . Ž .

where c is a field independent parameter. Formula
Ž .15 exhibits the characteristic peak, with the maxi-
mum J at the field B . From the condition formax p

w x Ž . ynextreme we get 30 csy mrn B andp

m nj b sb exp 1yb mrn . 16Ž .Ž . Ž .n p p p

The same expression with the field reduced to Birr

reads

m n
j b s b rb exp 1y b rb mrn ,Ž . Ž . Ž .½ 5n i i pi i pi

17Ž .

where b sBrB and b sB rB ; b rb sb .i irr pi p irr i pi p

For pinning force density similar expressions can
be derived by replacing m by mq1. Of course, a
respective peak position, B , replaces B .fp p

Note that B is usually defined by means of airr

criterion for the threshold, behind which either J or
F becomes negligible. Therefore, the value of Birr

slightly depends on the chosen experimental method.
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w xAs shown in Ref. 31 , m can be set equal to 1 for
most RE-123 single crystals. Then n remains the
only free parameter. The additional factors b orpi

b sB rB can be at high temperatures determinedfi fp irr

experimentally. At low temperatures, where B isirr

out of the experimental field range, these parameters
can be used as free to fit the measured part of the
MHL. Then, using the fit values of b andror b ,pi fi

Ž . Ž .B can be estimated. In Fig. 2 a and b , sets ofirr
Ž . Ž .theoretical F b and F b curves are presented,n i n fp

Ž . Ž .according to Eqs. 16 and 17 , respectively, with n
replaced with nq1 and B with B . m was setp fp

equal 1 and n had the values 0.5, 1, 2, and 3. The
respective values of b were 0.065, 0.17, 0.33, andfi

0.43. The range of the n values was chosen in
accordance with the values deduced from experi-

w xments found in literature 31 and B was definedirr
Ž . y3 Ž .by the criterion F B s2=10 . In Fig. 2 c andn irr

Ž . Ž . w Ž .x Ž .d , the corresponding j b Eq. 16 and j bn i n p
w Ž .x Ž .Eq. 17 dependencies are shown. B in Fig. 2 cirr

is defined by the criterion j s2=10y3. For nsn

0.5, 1, 2, 3, and 4 we get b s0.035, 0.115, 0.255,pi

0.355, and 0.44, respectively.
In this model only n controls the FE peak posi-

Ž .tions B and B with respect to B . For F b andfp p irr n i
Ž .j b dependencies, the higher n, the closer is then i

fishtail maximum to the irreversibility field and the
w Ž . Ž .x Ž .wider is the curve see Fig. 2 a and c . The F bn fp

Ž .and j b curves are in the contrary narrower forn p
Ž Ž . Ž ..higher n see Fig. 2 b and d . Evidently, n can

serve as a measure of the curve width and, therefore,
for characterisation purposes.

wŽ .Starting from the relation B rB s mq1 rfp p
x1r n Ž w x.m see Ref. 31 and assuming m s 1,

we get

ns ln2rln B rB . 18Ž .Ž .fp p

The fact that only the peak positions B and B arep fp

needed for determination of n and, consequently, of
the shape of the whole curve up to B , is a bigirr

advantage of this model. Peak positions, lying usu-
ally below 0.5 B , are accessible in a much widerirr

Ž . Ž . Ž .Fig. 2. a The theoretical F b curves, b sBrB , according to Eq. 17 with mq1 instead of m. The B value was defined by then i i irr irr
Ž . Ž . Ž . Ž .criterion F 1 s0.002%. b The F b curves, b sBrB , according to Eq. 16 with mq1 instead of m and the same values n asn n fp fp fp
Ž . Ž . Ž . Ž . Ž Ž ..indicated in a . c The j b curves corresponding to Fig. 4 a Eq. 17 with ms1. The B value was defined by the criterionn i irr

Ž . Ž . Ž . Ž .j 1 s0.003. d The curves j b , b sBrB , according to Eq. 16 . The parameters m and n are the same in all four figures, ms1 andn n p p p

n varying from 0.5 to 3.
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temperature range than B andror B needed inirr c2

the previous models. Knowing n, the B value canirr

be also deduced.

5. Comparison of the models

5.1. General remarks

In general, the models discussed above can be
divided into two groups, according to the type of
pinning potential in use. The models with the power-
law potential produce field dependencies of J and F

Ž .decreasing at high fields as a power of 1yaB ,
where 1ra is an appropriate field scale. The models
using the logarithmic pinning potential exhibit an
exponential decay at high fields.

Ž .Irrespective of the model, all theoretical J B and
Ž .F B dependencies discussed in this paper are prod-

ucts of one term increasing as a power of B and
another term decaying with increasing field. If we
consider these formulas as fitting functions, we can
identify the parameter m from the Perkins’ model
with the factor py1 in the classical models, with g

Ž .in the Fabricatore’s power-law model, Eq. 5 , with
s in the Yin’s model, so that the terms increasing
with field are same in all the models.

As concerns the second term, decreasing with
field, we can identify the Fabricatore’s parameter ´

Ž . Ž .from Eq. 12 with the n from Eq. 16 . With ms0,
the expressions for the normalized pinning force
density are in both models formally identical. How-

Ž .ever, the zero value of m in Eq. 12 means that J0

is field-independent in this Fabricatore’s model,
which is incompatible with RE-123 bulk samples,
where mf1 is usually found. Also, the above sug-
gested equivalence of n and e makes the analysis of
experiments on RE-123 samples difficult. The major-
ity of n values established experimentally in RE-123
lie around 1.5 or at least above 1, which implies
gF0. This is in contradiction with present theories
of elastic interactions in a vortex lattice. Here we
have to bear in mind that the similarity of these two
approaches is only formal and cannot be taken
strictly.

The Yin’s model in its original, complete form,
Ž .Eq. 7 , includes besides the principal two free pa-

rameters, s and q, also a number of additional
empirical factors. As shown above, this expression
can be significantly simplified, which eliminates most
of the additional parameters from the fitting proce-
dure. Only the factors s, q, and CsB rB re-c2 irr

main. The latter parameter enables to normalize the
field variable to the empirical value of B instead ofirr

B . If the B value is not available, C can be takenc2 c2

as an additional free parameter. Using the given
values ss1.88 and qs4.21 and the normalized

w xpeak position from Fig. 2 of Ref. 27 , we deduced
Ž .from Eq. 9 Cs1.08.

None of the models discussed in this paper repro-
duces the experimentally observed minimum on the
Ž . w xj B curve at low fields. According to Ref. 30 , wec

believe that this minimum results from overlapping
of two contributions, one due to interaction of vortex
matter with the actual pinning structure and another
one due to self-fields. The latter contribution is
obviously restricted to low field region, it decays

w x Ž .exponentially with field 30 , similarly as j B inc
w xsamples without peak effect 32–35 . The different

characters of both contributions are manifested by
quite different scaling with temperature and angle of
field with respect to the c-axis.

5.2. Comparison of the fit quality

The fit quality of the models with the power-law
and the logarithmic potential is compared in Fig. 3
on magnetic data of three different RE-123 single
crystals. While the first two sets of experimental data
were reconstructed from literature, the last set was
measured by us in ISTEC. The data were chosen that
do not show any effect of twin plane pinning. For the
Tm-123 this feature seems to be intrinsic. The Y-123
data were taken at rather high temperatures where

Ž .the effect if any was already negligible. In the
melt-textured NEG, the twins were hardly observ-
able. In all three cases the field is normalized to the

Ž . Ž .respective peak position in both the F B and J B
Ž . Ž Ž . Ž . Ž ..representation. The F B data Fig. 3 a , c , e

Ž . Ž .were fitted by means of Eqs. 2 and 16 with
Ž . Žms1 and n replaced by nq1, the J B data Fig.

Ž . Ž . Ž .. Ž .3 b , d , f were analysed using Eq. 2 with p
Ž .replaced by py1 and Eq. 16 . Although the fit

quality with both expressions was comparable, the fit
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 3. The fits of the experimental data measured on a and b a Tm-123 single crystal, c and d a Y-123 single crystal, and e and f a
Ž .Nd Eu Gd Ba Cu O melt processed sample with an addition of 10% of a finely dispersed Gd-211 phase. The data in the0.33 0.33 0.33 2 3 7yd

Ž . ŽŽ . Ž . Ž .. Ž . Ž . Ž . ŽŽ . Ž . Ž ..F B representation a , c , and e are fitted by Eqs. 2 and 16 with m replaced by mq1, the J B dependencies b , d , and f are
Ž . Ž .fitted by Eqs. 2 and 16 with py1 set for p.

with the classical formula was more difficult due to a
larger ‘‘freedom’’ of the parameters p and, espe-

cially, q. A small change of p caused quite a large
change in q with nearly unchanged fit quality. This

Ž . Ž . Ž . Ž .Fig. 4. The fit of the experimental data measured on the Nd-123 single crystal, in a F B and b J B representation. The applied field is
Ž . Ž . Ž . Ž .normalised to B . The F B curves were fitted by Eqs. 2 , full line; Eq. 9 , dashed line; and Eq. 16 with mq1 instad of m, dotted line,irr

Ž . Ž . Ž . Ž .the J B data were fitted by Eq. 2 with py1 set for p, solid lines; Eq. 9 with s set for sq1, dashed lines; and Eq. 17 , dotted lines.
The fitting parameters are reported in the text.
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means that aside material characteristics and temper-
ature effects also the fitting function itself introduced
a significant ambiguity into the fit.

In Fig. 4, we compare fits using three different
Ž .approaches, the classical theory, Eq. 2 , the Yin’s

Ž .formula, Eq. 9 , and the model with the logarithmic
Ž .potential, Eq. 16 . For the comparison, we chose the

original magnetic moment data measured by Higuchi
w xet al. 36 on a Nd-123 single crystal as these data

w xwere also fitted by Yin et al. 27 . The analysed
single crystal was twinned but at 77.3 K, where the
data for the analysis were taken, the peak lies below
the onset of the typical twin depression and the
magnetisation curve is not much affected by the

Ž .twins. The best fit of the F B data by means of Eq.
Ž .17 was obtained with ms1, ns2.57, and b sfi

Ž .0.43, Eq. 2 produced the best fit with ps2.54,
Ž .qs3.27, and B rB s0.437, and Eq. 9 withfp c2

ss1.88, qs4.21, Cs1.08, and b s0.435. Wefi

see that all the fits practically overlap. Only at the
Ž .high-field end the curve according to Eq. 2 is more

depressed than the other two functions because it
takes B as a reference instead of B . The fits ofc2 irr

Ž .the J B data by the same equations are in all cases
also very good and give naturally the same parame-

Ž .ter values as in the F B representation. As men-
tioned above, none of the discussed formulas for the
Ž .j b dependence reproduces the experimentally ob-n

served low-field peak caused by a different pinning
Ž .mechanism self field effect .

All the empirically found parameters p and q are
rather high in comparison to those predicted by the
classical models, including the Dk pinning. Note
that such high values were also observed in other

w xRE-123 samples, e.g. Y-123 single crystals 37–39 .
The values of n deduced from the presented experi-
ments lie also at the upper part of the range observed

w xin RE-123 materials 31 . In the samples with a
significant content of Nd this might be due to a

w xpinning enhancement by Nd–Ba clusters 13,14 .
However, the examples of other RE-123 specimens,
without Nd, show that FE maximum lying at rela-
tively high field with respect to B or B might bec2 irr

produced by a properly chosen technological treat-
ment also in these materials.

Let us note that the effect of oxygen reduction
starting from the optimum doping shifts the peak to
lower field. The emphasis to enhance the peak field

for application purposes is just opposite. The experi-
Žmental results in different LRE-123 materials Light

.Rare Earth indicate that the strong pinning limit
does not necessarily result in a low-field position of
the second peak. By a proper technology, the strong
pinning limit can be shifted towards high fields and
high temperatures in the B–T plane.

6. Conclusions

In the present paper we analyse properties of
different models used for modelling the fishtail-like
magnetic hysteresis loops and the associated critical
currents or pinning force densities in RE-123 materi-
als. The models proposed to date can be in general
classified according to the pinning potential in use.
The models with a power-law potential result in

Ž .qmodel functions decaying at high fields as 1yaB ,
the models assuming a logarithmic pinning potential

Ž . Ž .result in J B and F B decreasing at high field as
Ž n. Ž .exp cB as shown above, the factor c is negative .

Ž . Ž .In all the models the J B and F B functions
increase at low fields with a positive power of B.
The shape of the theoretical curves at intermediate
and high fields is in the first group, using the power-

Žlaw potential, governed by all free parameters mostly
.two or three . In the second group, with the logarith-

mic potential, it is possible to fix the parameter m at
the value 1 and then only one free parameter, n,
governs the shape of the whole curve, up to B , i.e.irr

the position of the peak with respect to B , and theirr

width of the curve are given by this single parameter.
We note that attempts to fix the power of the term
increasing with field in the models using power-law
potential were not successful. The fit was always
significantly worse than with both parameter free.

In the case of the MHL scaling with temperature,
the width of the normalized curve ought to be tem-
perature independent, and the scaling property re-
quires a constant n. The same conclusion can be
drawn for the parameters p and q. Here both param-
eters have to be temperature independent. In the
contrary, n, q, or p varying with temperature indi-
cate an absence of scaling. In the model with loga-
rithmic potential we can deduce from the definition
of n that the existence of scaling is related to the
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character of pinning barrier distribution in the mate-
rial, namely, of the field dependence of the effective

Ž . Ž .pinning barrier U B . If U B does not vary with0 0

temperature, n is temperature independent and the
MHLs scale with temperature and vice versa.

It is shown that the fitting functions due to both
the power-law and the logarithmic potential give an
equally good fit to the experimental data in RE-123
materials. However, the parameters p and q de-
duced from the experiments on RE-123 samples are
well above the values predicted so far by theory,
including Dk pinning. Moreover, they strongly fluc-
tuate from case to case and therefore they are hardly
suitable for characterisation of pinning regimes in
different materials. The exponentially decaying func-

Ž . Ž .tions J B and F B fit most of the experimental
data with only one free parameter, which speaks in
favour of the logarithmic potential. However, simi-
larly as for all the classical and modern power-law
models, the correspondence between the empirical
theory and the microscopic pinning mechanism is
still missing.

We hope that the present paper will promote a
development of a new pinning theory relevant to the
vortex interaction with a random pinning disorder in
the high-T materials.c
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Appendix A

Ž . w xWe start from Eq. 14 of Ref. 25 that states

kTrF Vjp0E
F B sBJ . A1Ž . Ž .0 ž /E0

By introducing b sBrB , bsBrB , Vsd3
i irr c2

y3r2 g Žsa B , and F sb b a and b being field-p0
.independent parameters , one receives

A b1 .5yg
iE

F b sR b , A2Ž . Ž .i 3 i ž /E0

Ž 1.5yg g .with R sJ B and AskTr b a B B j s3 0 irr irr c2
Ž . Ž .ln J rJ rln ErE . J was defined as a thresh-irr 0 0 irr

old current criterion, above which the pinning force
Ž .density is negligibly small, and E , J as the point0 0

of E–J curve taken at the electric field as low as
Ž .possible. The diference between Eq. A2 and Eq.

Ž . w x26 in Ref. 25 is evidently due to a misprint in
w xRef. 25 .

Ž .The expression A2 can be also written as

Jirr1.5ygF b sR b exp b ln . A3Ž . Ž .i 3 i iž /J0

Ž . <The application of the condition EF B rEB sBsB fp

0, where B is the position of maximum on thefp
Ž .F B curve, gives

J 1irr1.5ygb ln sy , A4Ž .fi J 1.5yg0

with b sB rB .fi fp irr
Ž .In terms of b sBrB , Eq. A3 readsfp fp

Jirr1.5yg
F b sR b b exp b b ln . A5Ž .Ž . Ž .fp 3 fi fp fi fp J0

Ž .Using the relation A4 , we finally arrive at

1yb1.5yg
fp

F b sb exp . A6Ž .Ž .n fp fp ž /1.5yg

2 Ž .Similarly, for Vsd j , Eq. A6 has the form

1yb1yg
fp

F b sb exp . A7Ž .Ž .n fp fp ž /1yg
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