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Abstract

We examined an extended set of experimental data on scaling of the field dependencies of the critical current density
Ž . Ž .j B andror the related pinning force density F B as found in literature for various high-T single crystals, mainlys c

Ž . Ž . Ž . Ž .RE Ba Cu O RE' rare earth , exhibiting the fishtail effect. The j B andror F B curves, normalised with respect2 3 7yd s
Ž . Ž . m wŽ .Ž n.xto the corresponding fishtail maximum, are shown to obey the functional dependencies j b sb exp mrn 1yb andsc

Ž . mq1 �wŽ . xŽ n.4f b sb exp mq1 rm 1yb where b and b , are the applied field values normalised with respect to position off f f f
Ž .the corresponding fishtail maximum, and j and f are the normalised values of the critical current density, and pinningsc

force density, respectively. A possible link between the presented phenomenological scaling scheme and the theory of
collective pinning is discussed. Most of the analyzed data could be well fitted with m set equal to 1 and n left as the only

Ž .free parameter. n varied from 0.5 to 3.95 but most values fell into the interval 1,2 . We point out that the value ns3r2 in
the middle of this interval is predicted by the collective pinning theory for the small bundle pinning regime. q 1997 Elsevier
Science B.V.

PACS: 74.60 Jg; 74.60 Ge

1. Introduction

The ‘‘peak’’ effect, the still not well understood
phenomenon resulting in an enhancement of the
critical current density at higher fields and tempera-
tures has in recent years attracted a particular inter-
est. One of the reasons is a potential use in applica-
tions, another one is that the ‘‘peak’’ effect can
serve as a test probe of our understanding to mecha-
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nisms of the vortex pinning in high temperature
superconductors. During recent years a large number
of papers dealing with different aspects of this phe-
nomenon has been published offering a good plat-
form for generalisation. According to the shape of

Ž .the magnetisation hysteresis loop MHL , the high-Tc

materials can be divided into two main categories:
Žthose with the fishtail shape of the curve typically

Ž . Ž Ž .RE Ba Cu O RE' rare earth, RE -123 and2 3 7yd

. w xsimilar single crystals 1–26 and those with the
Žarrow-head shape Y-124, BiSrCaCuO and other re-

. w xlated compounds 27–40 . It is probably not only an

0921-4534r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
Ž .PII S0921-4534 97 01661-4



( )M. Jirsa, L. PustrPhysica C 291 1997 17–24˚18

accidental coincidence that the former group consists
Žof less anisotropic compounds with mostly 3D vor-

.tex behaviour while the latter one is formed by
Ž .highly anisotropic materials where the pancake 2D

vortex regime is usually observed. Except these two
main categories, some other specific shapes of the
MHL sometimes appear, especially in heavily

w xtwinned samples 3,16,23 or in highly oxygen defi-
w xcient ones 17 .

In this paper, we discuss the fishtail effect ob-
Ž .served in RE -123 samples. The analyzed experi-

w xmental material collected from literature 1–26 cov-
ers a wide variety of sample compositions, prepara-
tion processes and experimental techniques.

The fishtail peak is usually attributed to an en-
hanced pinning due to impurities becoming active at

w xhigh fields 1–5 . The recent experiments made on
single crystals of Y-123 and Tm-123 with an ex-

w xtremely low level of metallic impurities 17–19
showed that the fishtail effect can be reversibly
generated and suppressed by varying oxygen content
in these samples. High oxygen pressure and a suffi-
ciently high temperature were substantial for the

w xcomplete suppression of the fishtail effect 18,19
giving evidence that not only the average content but
also the homogeneity of the oxygen distribution is
important. The same treatment made simultaneously
on single crystals prepared from the commonly used

Žyttrium stabilised ZrO crucibles higher level of2
.impurities caused only a partial suppression of the

fishtail effect. These results convincingly prove that
Ž .the fishtail maximum is in RE -123 single crystals

mostly due to pinning on oxygen clusters in inhomo-
geneously oxygenated samples. Metallic impurities
probably activate or at least enhance this process
w x17–19 . This conclusion has also been supported by
annealing experiments made in other laboratories
w x10 and by effects caused by different metallic

Ž .dopants added artificially into RE -123 compounds
w x2,5,41 .

While the chemical conditions leading to the fish-
tail behaviour seem to be clear, the understanding of
the physical background of this phenomenon is not
yet so transparent. We try to look at this problem
using a new phenomenological approach.

The fishtail maximum represents a characteristic
feature of the MHL that enables normalisation of the
curves and investigation of their shape in depen-

dence on temperature. It occurs that in a certain
temperature interval the normalised MHLs scale to a
single ‘‘universal’’ curve. On basis of the phe-

Ž .nomenological scheme developed for RE -123 com-
w xpounds in Refs. 6,7 , we derived a simple analytical

w xexpression 8 for the universal curve that proved to
fit surprisingly well not only our own data but
practically all experimental data found in literature.
The aim of this paper is to present results of the fit

Ž .on a wide variety of RE -123 samples and to dis-
cuss this novel expression with respect to the theory
of collective pinning.

2. Model

w xIn Ref. 8 it was shown that the shape of the
Ž .j B curve normalised with respect to the coordi-s

Ž .nates of the fishtail maximum B , j can be inp sp
Ž .RE -123 single crystals well fitted by the expression

m
m nj b sb exp 1yb , 1Ž . Ž . Ž .sc n

where j s j rj is the normalised critical currentsc s sp

density and bsBrB is the normalised magneticp

field. The coefficients m and n are consistent with
w x Žthose from Ref. 7 except that n has an opposite

. Žsign and with the factors k and 1 yE
. w Ž .x w xg r g ln ÕBrE , respectively, from Ref. 6 . ThisE E

type of a functional dependence follows from an
interplay of field dependencies of the characteristic
current density j and the characteristic activation0

energy U entering the generally accepted relation0
w x6,42,43

js
U T , B , j sU T , B V . 2Ž . Ž . Ž .s 0 ž /j T , BŽ .0

Perkins et al. pointed out that scaling of the
high-field part of the MHL implies

j AB m , U AByn . 3Ž .0 0

For the Tm-123 single crystal the authors found
that both m and n are close to 1, and V is nearly a
logarithmic function. Our analysis made on a large
number of different RE-123 single crystals, both
measured in our laboratory and found in literature
w x1–26 , has revealed that the scaling properties can

Ž .be practically always well described by Eq. 1 with
m kept equal to 1, and n used as a free parameter.
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w xSchnack et al. 42 developed their general inver-
Ž .sion scheme GIS , intended for determination of the

temperature dependencies of j and U , under the0 0

assumption that the characteristic quantities are inter-
related as

p
U B A j T , B , 4Ž . Ž . Ž .0 0

with a parameter p.
Ž .Eliminating B from Eq. 3 , we find that p in

GIS corresponds to ynrm in the present scheme.
With m equal to 1, p corresponds to yn.

Note that in the model of Perkins et al., the
Ž .relationship Eq. 4 is not a prediction like in GIS

but it is a consequence of the experimentally ob-
served scaling of the irreversible magnetisation. This
presents a tool enabling us to deduce type of the
pinning regime from the scaling properties of in-
duced currents in the superconductor.

For different pinning regimes, the collective creep
w x Ž .theory 43–47 predicts a power-law relation Eq. 4 ,

with discrete values psynrm equal to y3r2,
y1r2, 0, 1r2, or 1, according to the particular type
of pinning. In the first case, pinning of small bun-
dles, it predicts also the linear preexponential field-

Ž .dependent term ms1 and, consequently, ns3r2.
In the range of validity of this pinning regime, above
the crossover field B , the normalised critical cur-sb

Ž .rent should therefore scale as described by Eq. 1 ,
with ms1 and ns3r2.

However, application of the normalisation condi-
tions

j B s j , d j B rd B s0 5Ž . Ž .Ž . BsBs p p s p

Ž .to the corresponding theoretical j B dependences
w x45 results in the conclusion that the maximum of
the normalised field dependence lies at about B fp

B r2, well below the range of applicability of thesb

given pinning regime. The theory of the small bundle
pinning regime describes therefore only the upper,
smoothly decreasing part of the curve and does not
simply account for the maximum of the fishtail
feature.

On the background of the above discussed rela-
tions between the microscopic and phenomenologi-
cal models of creep, the experimentally observed
scaling property can be understood as a manifesta-

tion of the well defined pinning regime existing
within field and temperature limits of the scaling. It
also indicates that a pinning regime similar to the
small bundle pinning exists in a much wider field
range than predicted by the present microscopic the-
ory.

Scaling properties are often presented in terms of
the pinning force density FsBj . The alternatives

Ž . Ž .relation to Eq. 1 valid for F B follows from Eq.
Ž .1 and the two necessary conditions of the type Eq.
Ž .5 , however with j replaced by F. Normalisings
Ž .F B with respect to its maximum value, F sp

Ž .B j B , we need to take into account that positionfp s fp
Ž .B of the maximum on the F B curve differs fromfp
Ž .that of the corresponding j B curve, B . In ours jp

scheme, both these values are related as

1rn
B sB mq1 rm 6Ž . Ž .fp jp

w Ž . xwhich follows from the condition d F B rd B BsB fp

Ž .s0 in combination with Eq. 1 . The second neces-
Ž . Ž .sary condition, f B sF B rF s1, yieldsfp fp p

mq1
mq 1 nf b sb exp 1yb , 7Ž . Ž .Ž .f f fn

with b sBrB .f fp

3. Overview and fit of experimental data

Ž . Ž .In order to check the relations Eqs. 1 and 7 ,
we analyzed a wide range of data published in

Ž .literature for RE -123 and some other compounds.
Results of this work are summarised in Tables 1 and
2. The most important characteristics of both the
samples and the experimental methods used are at-
tached, more details can be found in the correspond-

Žing references. The experimental data symbols in
.the present figures were extracted from the indi-

Ž .cated blown up figures by taking points equidis-
tantly from the indicated experimental curves. These
data were put into the graphical program Origin

Ž .where, after normalisation, j B dependencies weres
Ž . Ž .fitted with Eq. 1 and F B dependencies with Eq.

Ž .7 . All fits were performed with m set equal to 1
and only n was left as a free parameter. Quality of
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Table 1
Comparison of the scaling properties of Y-123 samples

Material Reference n D Note Method

w x Ž .YBa Cu O qAu1.2 at % 3 , Fig.1 b 1.78 j D208-12, 50 K SQUID2 3 7yd

w xYBa Cu O 5 , Fig. 5 3.94 j 2515B, plateau, 22–65 K VSM2 3 7yd

w xYBa Cu Ni O 5 , Fig. 7 2.7 j 26292B, plateau, 25–58 K VSM2 2.975 0.025 7yd

w xYBa Cu Ni O 5 , Fig. 6 0.8–1.7 j 2724A, 30–58 K VSM2 2.99 0.01 7yd

w xYBa Cu O 9 , Fig. 2 0.63 f No. 6, unirr., 40–80 K SQUID2 3 7yd

w x Ž .YBa Cu O 10 , Fig.5 b 1.6 j No. 13, 60 K SQUID2 3 6.79
w x Ž .YBa Cu O 14 , Fig. 2 b 2.07 f twin-free, 82–86 K VSM2 3 7yd

w xYBa Cu O 13 , Fig. 4 1.33 j 87–88 K VSM, TR2 3 7yd

w x Ž .YBa Cu O 15 , Fig. 2 b 1.03 j No. 1, ds1.1 mm, 50 K VSM2 3 7yd

w x Ž .YBa Cu O 15 , Fig. 2 b 1.54 j No. 2, ds0.9 mm, 30–50 K VSM2 3 7yd

w xYBa Cu O 16 , Fig. 3 2.17 j C1, MT, twinned, 60 K VSM2 3 6.92
w x Ž .YBa Cu O 17 , Fig. 2 a 1.85, 3.35 j WU4, 60 K, 72–88 K VSM2 3 6.96
w xYBa Cu O 20 , Fig. 3 2.23 j MT, 50–75 K SE2 3 7yd

w xYBa Cu O 20 , Fig. 14 2.75 f 60–87 K SE2 3 7yd

w xYBa Cu O 21 , Fig. 3 1.79 f C1, ds1.2 mm, 70–83 K SQUID2 3 7yd

Ž . w xY Pr Ba Cu O 12 , Fig. 1b 0.86 j 20 K SQUID0.8 0.2 2 3 7yd

Ž . Ž . Ž .‘‘n’’ denotes the fitting parameter from Eqs. 1 and 7 , ‘‘D’’ describes the scaling mode jscritical current, fspinning force density ,
‘‘Method’’ means the experimental technique, ‘‘TR’’s transport measurements, ‘‘SE’’ssample extraction method, ‘‘MT’’smelt-textured.
‘‘Note’’ denotes sample number according to the reference, temperature range and other details.

the fit is documented in Fig. 1. In the figures either
the temperature range, or a single temperature is
given indicating the temperature range of a good
experimental data scaling. Data out of the indicated
temperature range were either missing or the curves
did not scale well. A single temperature indicates a
single normalised, non-scaling curve.

Ž . Ž . Ž .Fig. 1 a shows the fit by Eq. 1 of the j bsc

dependence for a Y-123 single crystal in the temper-
ature range 72–88 K where a good scaling was

w x Ž .observed 17 open squares . In this figure also the
Ždata for 60 K are indicated departing from the

.scaled ones and their fit by the same function as
Ž .before, only with a different n value. Fig. 1 c

documents on a Y-123 single crystal the difference
Ž . Ž .of the fits by Eq. 7 dotted curve and by the

2Ž . Ž .function 3b 1y2r3b solid curve used in the
w xoriginal paper 14 . A similar comparison is seen in

Ž . Ž .Fig. 1 e . As in this case Eq. 7 fitted the data on a
w xY-123 single crystal 21 well only above the maxi-

Ž .mum dashed curve , we fitted the low-field part
Ž .separately dotted curve . Again, the same function

with only a different n value fits the curve perfectly.
The hysteresis loops measured on Tm-123 single

Table 2
Ž . Ž . Ž .Comparison of the scaling properties of RE -123 and KBa BiO isotropic samples3

Material Reference n D Note Method

w x Ž .YbBa Cu O 2 , Fig. 1 b 0.98 j Gottl, 50 K SQUID¨2 3 7yd

w x Ž .DyBa Cu O 8 , Fig. 3 a 0.565 j No. 4, twin-free s.c., 10–60 K VSM2 3 7yd

w x Ž .DyBa Cu O 22 , Fig. 1 a 0.5 j AD, twin-free s.c., 10–40 K TM2 3 7yd

w xNdBa Cu O 23 , Fig. 2 3.13 j twinned, 5–86 K SQUID2 3 7yd

w x Ž .TmBa Cu O 24 , Fig. 1 b 1.45 j twinned, 20–82 K VSM2 3 6.8
w x Ž .TmBa Cu O 17 , Fig. 2 b 0.85, 1.98 j Z5, 5 K, 50 K VSM2 3 6.45
w xTmBa Cu O 6 1.0 m NrA VSM, DR2 3 6.8
w xK Ba BiO 25 , Fig. 1 1.5 j No. 1, 2–20 K PF, SQUID, VSM0.4 0.6 3
w xK Ba BiO 26 , Fig. 7 1.64 f No. 1, 8 K PF, SQUID, VSM0.4 0.6 3

Columns as in Table 1. ‘‘m’’smodel analysis, ‘‘TM’’s torque magnetometry, ‘‘DR’’sdynamic relaxation.
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Ž . Ž . Ž . Ž .Fig. 1. Fit of the experimental j b and f b dependencies reconstructed from data found in literature. a Fit of the normalised j Bsc f s
Ž . w x Ž . Ž . w x Ž .curves scaling between 72 and 88 K and of the curve out of the scaling range 60 K taken from Ref. 17 , Fig. 2 a , b Ref. 13 , Fig. 4, c

w x Ž . Ž . w x Ž . w x Ž . w x Ž . Ž . w x Ž . Ž . w x Ž . Ž .Ref. 14 , Fig. 2 b , d Ref. 20 , Fig. 14, e Ref. 21 , Fig. 3, f Ref. 8 , Fig. 3 a , g Ref. 17 , Fig. 2 b , h Ref. 24 , Fig. 1 b , i Ref.
w x Ž . Ž . w x Ž . Ž . Ž .12 , Fig. 1 b , j Ref. 2 , Fig. 1 b . The dotted and dashed lines correspond to fits by either Eq. 1 or Eq. 7 with ms1 and the n value

Ž . Ž .as indicated in the figure. The full curves in c and e show the original fits used in the given references.

w xcrystals 17 did not scale and could be fitted in the
Ž .temperature range 5 to 50 K by Eq. 7 only with a

Ž .temperature dependent n. Fig. 1 g shows the nor-

Ž .malised curves j b for Tm-123 single crystals forsc
Ž .the limiting 5 and 50 K. Again, Eq. 1 fits both

curves quite well though with different n.
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4. Discussion

Summarising the results, we can say that all the
Ž .analyzed j B dependencies exhibiting the fishtails

Ž . Ž .shape, both in the j b and f b representation,sc f
Ž . Ž .could be well fitted by expressions Eqs. 1 and 7 ,

respectively, with ms1 and the only free parameter
n. Values of n varied between 0.5 and 3.95 but most
values were found between 1 and 2, just around the
value ns3r2, corresponding to the theoretical value

w xfor the pinning of small bundles 43–47 .
The rare cases with n<1, namely the Dy-123

w x Ž .single crystals 8,22 , Fig. 1 f , and the Y-123 single
w xcrystal No. 6 in Ref. 9 , correspond to an extremely

Ž .flat j B dependence. The reason for this behaviours
w xremains unclear. Zhukov et al. 17,3 also observed

flat magnetisation curves but neither of their expla-
w xnations, due to twin boundaries 3 , and due to the

Ž .particular rather high oxygen deficiency leading to
a shape with two peaks or a plateau at high fields, is
applicable to our case. The Dy-123 samples are
twin-free and exhibit considerably higher critical
current densities then those observed by Zhukov et
al., without any evidence of a double-high-field-peak
structure.

Also the large n values were mostly connected
Ž .with an atypical j B dependence:s

Ø Only the high-field edge of a pronounced
plateau at intermediate fields exhibited by the pure

w xY-123 single crystal 2515B of Delin et al. 5 was
analyzed. A similar character had also the data of

w xNi-doped Y-123 single crystals 5 .
Ø The fishtail peak on the MHL of the Nd-123

w xsingle crystal 23 was disturbed by another, field-in-
dependent, maximum lying just below and overlap-
ping with the fishtail peak.

w xØ The melt-textured samples of Wei et al. 20
exhibited a rather steep field dependence both of the
critical currents and the associated pinning force

Ž .density, Fig. 1 d . In this case, however, an incom-
plete alignment and porosity of the sample could
play a significant role.

A different atypical shape of the MHL with a
w xfishtail character was observed by Zhukov et al. 3

on a detwinned Y-123 single crystal. In this case, the
Ž . Ž .j B curve could be well fitted by Eq. 1 onlys

separately below and above the maximum. The cor-

Žresponding n values were significantly different n
.s1.05 and 1.8, respectively .

Excluding these extreme cases, most of the ana-
lyzed experimental data, measured on a wide variety
of high-T samples and detected by different experi-c

mental techniques, show very similar behaviour. It
Ž .can be well described by Eq. 1 with ms1 and n

close to 3r2, the value corresponding to the pinning
w xregime of small vortex bundles 43–47 . In spite of

the fact that this regime should apply only for fields
B)B f2 B , most experimental curves can besb jp

fitted by the same functional dependence even at
fields well below B . It implies that such a type of ajp

functional dependence has much more general valid-
ity than given by the theory of collective pinning.

While the origin of the fishtail maximum in RE-
123 compounds from the crystallographic point of

w xview seems to be clear now 17–19 , an open ques-
tion remains of the reason for a high-field pinning
ability of the oxygen deficient zones or other impuri-

Ž .ties or, in other words, of the positive slope of j Bs

at low fields.
The phenomenological model of the thermally

w xactivated creep 6,7 can be applied also to the fields
well below the fishtail maximum as there are no
intrinsic limitations as in the theory of collective
pinning. This model gives a rather surprising but
reasonable explanation for the drop of j at fieldss

below the fishtail maximum based on an interplay of
different field dependencies of two quantities taking
part in the relaxation process, namely the characteris-
tic critical current density j and the characteristic0

w xactivation energy U . Perkins et al. showed 6,7 that0

scaling properties imply the power-law dependencies
Ž . Ž .of both j B and U B . For Tm-123 single crystals0 0

these functions were found to be linear and inversely
proportional, respectively. While the linear depen-

Ž .dence of j B seems to be quite general, the power0
Ž .of B in the U B dependence is evidently con-0

trolled by the actual pinning structure present in the
sample. In terms of this model, the fishtail minimum
is a result of the interplay between the high-field
pinning regime that loses its efficiency at low fields
and the central peak that contributes to the total
critical current only at low fields, typically below the
field of penetration but rapidly drops with increasing

w xfield 8 .
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The narrow range of n values around ns3r2
indicates that the pinning structure influences the
MHL shape at high fields only indirectly, the main
role being played by the collective pinning phenom-
ena. The pinning regime at fields well above the
fishtail maximum is probably determined mostly by
the collective pinning of small bundles.

Irrespective of the sample quality, the temperature
Ž .interval where j B curves scale well according tos

Ž . Ž .Eq. 1 andror Eq. 7 varies from sample to sample
being sometimes only a few K wide while for other
samples a good scaling is observed within nearly all

w xthe range of superconductivity 17 . It indicates that
quality of the vortex lattice is strongly sample sensi-
tive and probably different pinning regimes coexist
under the same external conditions. The scaling ef-
fect can be then understood as a manifestation of the
only one, well defined, pinning regime. This is clearly

w xdemonstrated in Ref. 8 on Dy-123 single crystals
Ž Ž ..see also Fig. 1 f where two contributions to the
irreversible magnetisation were separated. The high-

Ž .field one, scaled according to Eq. 1 , goes to zero at
zero field while the low-field one, responsible for the
central peak on MHL, decays nearly exponentially
with increasing field. This part has a steep tempera-
ture dependence resulting in a rapid reduction of the
ratio of the central and fishtail peak with increasing
temperature. We believe that this low-field pinning
mechanism is responsible for a quite systematic posi-
tive deviation of the low-field data in Fig.
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .1 a , b , d , f , g , i , j , i.e. for all j b dependen-sc

Ž .cies except the data on Tm-123 in Fig. 1 h . On the
Ž .low-field part of the f b dependencies the effect off

the central peak is somewhat suppressed but has also
to be taken into account.

Ž . Ž .Finally, it is worth noting that Eqs. 1 and 7 fit
the experimental MHL data surprisingly well even in

Žthe case when the curves do not scale well see Fig.
Ž . Ž ..1 a , g . It implies that this type of functional de-

pendencies might have a quite general validity.

5. Summary

In summary, we have presented simple analytical
formulas for universal curves of scaled critical cur-
rent and pinning force densities and shown their
close relationship to the collective pinning regime of

small bundles. The expressions were tested on exper-
Ž .imental data obtained on a large variety of RE -123

single crystals and some other high-T samples pre-c

sented in literature. The data were measured by
means of practically all commonly used experimen-
tal techniques. It was shown that the normalised
experimental curves could be well fitted by the

Ž . Ž .analytical formulas Eqs. 1 and 7 with ms1 and
the n value varied from 0.5 to 3.9. Most n values,
however, dropped between 1 and 2, around 3r2
corresponding to the pinning regime of small vortex
bundles.

The simple fit presented here points to the impor-
tance of the pinning regime of small bundles. How-
ever, this pinning regime has its field domain at
fields twice as high as the fishtail maximum position

w xand higher 45 . The fact that the fit was found to be
good also at fields well below the small bundle limit

Ž . Ž .B implies that the expressions Eqs. 1 and 7 forsb

the fishtail-like field dependence of the critical cur-
Ž .rents and pinning force density in RE -123 materials

are quite general and do not need necessarily origi-
nate only from the small bundle pinning regime.
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