
Relaxation in bulk RBa2Cu3O7−d superconductors

M. Jirsa*
Institute of Physics ASCR, Na Slovance 2, CZ-182 21 Praha 8, Czech Republic

T. Nishizaki and N. Kobayashi
Institute for Material Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-77, Japan

M. Muralidhar and M. Murakami
Superconductivity Research Laboratory, ISTEC, 16-25 Shibaura 1-chome, Minato-ku, Tokyo 105-0023, Japan

(Received 16 July 2003; revised manuscript received 29 January 2004; published 30 July 2004)

The shape of the magnetic hysteresis curve, “MHL,” in bulk strongly dopedRBa2Cu3O7−d materials is
analyzed and its correlation with relaxation characteristics is verified. It is shown that field and temperature
dependencies of logarithmic relaxation rate,Q=d ln J/d ln dB/dt, can be obtained fromJsBd andJsTd data(J
is the supercurrent density associated with total magnetic moment). In the case of the MHL with two well-
distinguished peaks, the two additive contributions toJ are correlated with corresponding relaxation charac-
teristics, which are given analytically. Plateau inQsTd dependence in such materials is shown to originate from
scanning the specific shape of MHL at a fixed field. FromQsJd plot pinning energy characteristics at low and
intermediate fields are deduced.
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I. INTRODUCTION

In high-Tc materials, the induced magnetization,M, and
the associated current density,1,2 J, are strongly
time-dependent.3–5 Although the relaxation effects are much
more pronounced than in conventional superconductors, they
can be described by a classical theory extended for a nonlin-
ear dependence of pinning barrier on supercurrent,UsJd. In
this way, we can utilize relaxation characteristics for the
study of material parameters and deduce properties of the
particular pinning mechanisms or the associated pinning me-
dia.

In untwinned bulkRBa2Cu3O7−d (R=rare earth, RE-123)
samples withfishtail or second peakeffect, an enhancement
of irreversible magnetic moment or associated supercurrent
at intermediate and high fields is usually the most significant
feature of magnetic hysteresis loop(MHL ). This peak has
been assigned to vortex pinning on a random distribution of
point-like defects or nanometer scale clusters. Such disorder
can arise from oxygen deficiency,6–8 fluctuation of chemical
composition due to solid solution of light rare earth elements
with Ba (Refs. 9 and 10) or any other fluctuation of super-
conductor properties on nanometer scale.

The second peak develops a characteristic scaling that
was extensively studied by Perkinset al. and put into the
basis of their phenomenological model.11 One of the central
results of this model was the relationship between relaxation
phenomena represented by the “dynamic” normalized relax-
ation rate, Q=d ln J/d lnsdB/dtd, and shape of MHL in
terms of the logarithmic derivatived ln J/d ln B. Based on
this model, a novel analytical formula was later derived,12

successfully modeling shape of the second peak in a broad
range of materials.12–15

The aim of this paper is to present new features of the
relationship between relaxation phenomena and irreversible

magnetization in bulk RE-123 samples with strong point-like
pinning disorder. New consequences of this relationship shed
light on typical shapes of experimentally observed field and
temperature dependencies of the normalized relaxation rate.

II. EMPIRICAL MODEL

As our study deals with relaxation effects during magne-
tization processes, it is useful to recall some basic relation-
ships between relaxation and pinning characteristics. Starting
from the expression for activation energy,UsJd
=−kTflnudJ/dtu−C1g, derived by Maleyet al.16 and using the
proportionalitydJ/dt~dM /dt~dB/dt associated with mag-
netic field sweep (Been model), we arrive at UsJd
=−kTflnudB/dtu−C2g, which is a modification of the Maley’s
formula for “dynamic” relaxation experiments.4,17 By differ-
entiating this formula with respect to lnJ, we get17,18

QsB,T,Jd = − kTS ]UsB,T,Jd
] ln J

D−1

. s1d

Obviously, for the logarithmic pinning barrier,UsJd
=U0sB,TdlnsJ0/Jd, whereU0 and J0 are material character-
istics, Eq.(1) simplifies to

QsB,Td = kT/U0sB,Td. s2d

Note that the logarithmic pinning barrier has been found
many times to be consistent with pinning on a point-like
disorder,11,12,19,20associated with the second peak effect.

A. Second peak of MHL

The relationship between MHL shape and relaxation de-
duced by Perkinset al. from the experimentally observed
scalingof the second peak withelectric fieldreads11
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QsBd = gEfkE − xlnsBdg, s3d

wherexln=] ln J/] ln B is the logarithmic derivative of the
MHL, and gE, kE are parameters independent of field and
only slightly temperature dependent. Typical values of these
parameters in bulk RE-123 materials aregE<0.02–0.09
(Refs. 11–14 and 21) and kE.1.11–13,15,22

The model function describing shape of the MHL with
second peak is12

JsBd = JmaxB/Bmaxexpfs1 − sB/Bmaxdnd/ng, s4d

where Bmax and Jmax are coordinates of the second peak
maximum. Note that contrary to the original Perkins’
model,11,21,22we considerU0~B−n and, therefore,n is here
positive. Most of the experimentally determined values ofn
fall between 1 and 3.3,11–13,15,20,22,23

It is easy to show thatJsBd from Eq. (4) has just one
inflexion point at

Binf = Bmax
Înn + 1. s5d

Combining this result with logarithmic derivative of Eq.(4),
xlnsBd=1−sB/Bmaxdn we get

n = − xlnsBinfd. s6d

This means that the constantn in Eq. (4) represents the high-
est logarithmic slope of the high-field shoulder of the sec-
ondary peak. Thus, the second peak is described by three
parameters directly accessible from experimental data.

A simple calculation shows that

JsBinfd/JsBmaxd = e−1Binf/Bmax> 0.368Binf/Bmax. s7d

This relationship is independent of material parameters and
implies that the shape of the second peak is a universal curve
(as long as the simple MHL scaling with temperature utilized
in the Perkins’ model holds).

Equation(7) is useful for determination ofn from experi-
ment. Instead of theJsBd curve derivative, the inflexion point
can be estimated to a reasonable accuracy as the intersection
with the line running from(0,0) with the slopee−1Jmax/Bmax.
Then, with the knownBinf it is easy to determine the tangent
n=−] ln J/] ln BuBinf

.
From Eqs.(4) and (3) we get

QsB,Td = gES B

BmaxsTd
Dn

, s8d

a monotonously increasing function of field. Equation(8)
indicates thatgE=QsBmaxd. As gE is nearly temperature
independent,11,22 Q at the top of the second peak is practi-
cally independent of temperature, too.

Equation(8) is a consequence of the second peak scaling;
it shows thatQ does not change with temperature for any
normalized fieldB/Bmax.

From Eq.(2) we get the field and temperature dependent
U0 at high fields in the form

U0sB,Td =
kT

gE
S B

BmaxsTd
D−n

. s9d

Figures 1(a) and 1(b) displayU0/k andQ as a function of
temperature according to Eqs.(9) and (8), respectively, for
n=1, 2, and 3, andB=1 T. BmaxsTd=12s1−T/91d0.9 was de-
duced from the experiment on NEG-123 sample “S1”(see
below). Note that the characteristic temperatureT0=91 K,
relating to the behavior of second peak, is close to but not
necessarily identical withTc. A similar BmaxsTd dependence
has also been observed elsewhere.20,24 Comparing Fig. 1(a)
with the experiments on Tm-123 single crystals22 [Fig. 7(b)],
we see a qualitative resemblance of the curves with the
present theoretical curve forn=3, which contradictsn<1
estimated by the comprehensive analysis in Ref. 22. Equa-
tion (9) indicates that the main reason for the discrepancy
might be a difference inBmaxsTd courses. Comparison of
BmaxsTd=12s1−T/91d0.9 with Fig. 5(b) in Ref. 22 shows that
this is really the case. In the intermediate temperature range,
0.2–0.8Tc, U0sTd is given by the interplay of the linear kT
term andfBmaxsTdgn. Thus, the actual form ofU0sTd strongly
depends on the material characteristics, especiallyn and
BmaxsTd.

B. Central peak

Neither Eq.(4) nor Eq.(8) correctly describe the experi-
mentally observed MHL shape at low fields. This is because
the central peak in the low-field region exhibits another type
of scaling11,25–27than the second peak and until now has been
omitted in our analysis(as well as in most published treat-
ments). In RE-123 single crystals without secondary phase
precipitates, self-field effects, reflecting demagnetization,
govern the low-field range of MHL.11,28 In RE-123 melt-
textured compounds, pinning by “large” normal particles sig-
nificantly contributes.25–27 The low-field contribution to the

FIG. 1. Theoretical temperature dependencies of(a) U0, (b) Q2,
and (c) Q1 calculated according to Eqs.(9), (8), and (12), respec-
tively. U0 and Q2 were determined forn=1, 2, and 3.BmaxsTd
=12s1−T/91d0.9 was deduced from experiment on melt-textured
NEG-123(see the text). Q1sTd is shown for three indicated values
of BR. The vertical dash lines in(a) indicate the region within
which comparison with experiment of Ref. 22 is possible.
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total magnetic moment(current density) can be described by
an exponentially decaying function,12,15

JsBd = J01 exps− B/BLd, s10d

whereBL is a characteristic field andJ01 is the magnitude of
the central peak.

For pinning by “large” normal particles,BL=F0/ s2pjRd,
whereR is the mean radius of the secondary phase particles,
F0 is magnetic flux quantum,j is coherence length.27 Thus,
the exponential decay rate can be quite precisely estimated
provided we knowR from a structural analysis and checked
by fit of experimental data.

Combining formally Eqs.(10) and (3), we get that the
relaxation rate corresponding to pinning by “large” normal
particles increases linearly with field as

QsBd < gEskE + B/BLd. s11d

We note that the use of Eq.(3) in the low field range is not
exact as the scaling properties put into basis of the model are
different.11,29 Thus, at leastgE and kE require a generaliza-
tion. This point will be discussed below. Bearing the same
comment in mind, we can derive temperature dependence,
QsTd.

Temperature enters Eq.(11) through BLsTd~1/jsTd
~Î1−t2, where t=T/Tc.

30 Thus QsTd acquires the explicit
form

QsTd < gEfkE + h/Îs1 − t2dg, s12d

whereh=2pjs0dBR/F0 is independent of temperature,js0d
is the coherence length atT=0, andB is the constant mag-
netic field fixed during temperature sweep. Withjs0d
<1.5 nm,h is approximately 4.6BR T−1 mm−1.

As we have now two sets ofJ andQ, associated with the
central and second peak contributions, for sake of clarity, we
will further distinguish them by subscripts “1” and “2,” re-
spectively. ThusQ from Eq. (12) will be Q1 and that from
Eq. (8) will be Q2, etc. The terms without subscript will
further refer to thetotal quantities obtained as a sum of both
contributions.

Evidently, the leading term in Eq.(12) close toTc is s1
− td−1/2, which is much slower than the terms1−td−n govern-
ing Q2sTd [Eq. (8)] in the same temperature range. On the
other hand, at low temperatures, except for very high mag-
netic fields,B@Bmaxs0d, Q1.Q2. It can be seen from com-
parison of Figs. 1(b) and 1(c). The latter figure shows three
Q1sTd curves for kE=1, gE=0.04 and BR=0.1, 1, and
3T mm. However, the effect of both pinning mechanisms to
the total relaxation rate is not simply additive but modified
by weighting factors as will be shown further.

C. Additive pinning

By summing the terms of the central and second peak, we
get15

JsBd = J01 exps− B/BLd + JmaxB/Bmaxexpfs1 − sB/Bmaxdnd/ng,

s13d

where J01, Jmax are magnitudes of the central and second
peak, respectively. Usually,J01, Jmax, and Bmax can be di-

rectly determined from experiment. As the first term in Eq.
(13) decays rather fast, its contribution toJ at aroundBinf
(the high-field inflexion point) is usually negligible. There-
fore, n can be determined according to Eq.(6) as described
above. ThusBL remains the only adjustable parameter. With
the BLvalue obtained from MHL fit, the average value ofR
can be estimated asR=F0/ s2pjsTdBLd.

With help of Eq.(13) one can decompose the experimen-
tal JsBd dependence into two terms,J1sBd andJ2sBd, and get
better insight into the efficiency of the underlying pinning
mechanisms in different fields.

Having two full MHLs measured with different field
sweep rates, one can decompose each of them and calculate
the “experimental” relaxation rates separately for the pinning
mechanisms associated with the central and second peak,
Q1sBd=D ln J1sBd /D lnsdB/dtd and Q2sBd=D ln J2sBd /
D lnsdB/dtd, respectively.

By differentiating Eq.(13) with respect to lnsdB/dtd, we
get

Q = Q1
J1

J
+ Q2

J2

J
. s14d

By substituting forQ1 andQ2, Eq. (14) reads

QsBd =
gE

JsBdFs1 + B/BLdJ1sBd + S B

Bmax
Dn

J2sBdG . s15d

Except forgE, which needs to be estimated by an indepen-
dent relaxation experiment atBmax, all other parameters,
Bmax, BL, andn are accessible from the MHL analysis. AsgE
is nearly temperature independent, only one relaxation ex-
periment is needed for all temperatures. With knowngE,
QsBd can be in the whole experimental field range deduced
from the shape of corresponding magnetic hysteresis loop.

Due to the central peak contribution, two additional in-
flexion points appear onJsBd dependence, one lying on the
right shoulder of central peak and the other on the low-field
side of second peak. These two inflexion points correlate in
turn with the shallow maximum and minimum onQsBd.

At all extremes of theJsBd curve (the maxima of central
and second peak and the intermediate minimum), xln=0 and,
therefore,Q=gE. Thus,Q is up toBmax rather a weak func-
tion of B, slightly fluctuating aroundgE value. Here we again
stress thatgE and kE are not at low fields well defined pa-
rameters in terms of the Perkins’ model.

The central peak contribution is also reflected in tempera-
ture dependence ofQ. This dependence is usually measured
by ramping temperature and holding field,B, fixed. For clar-
ity, we will denote this field asBf. On the other hand, irre-
versibility field, together with the whole MHL, scales with
temperature. Thus, during temperature ramping the relation
betweenBf and characteristic features of the MHL changes
and one in fact scans the MHL orJsBd curve.

Let at some relatively low temperatureT1, Bf lie well
below BmaxsT1d. From the above discussion it follows that
QsBf ,T1d<gE. With increasing temperature,BmaxsTd shifts
toward Bf. During this shift QsBf ,Td slightly fluctuates
aroundgE value up to the moment whenBf at some tempera-
tureT2 exceedsBmaxsT2d. Above this temperature a rapid rise
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of QsBf ,Td occurs, in correspondence with experimental ob-
servations. For bulk RE-123 superconductors, this is a natu-
ral explanation of the plateau onQsTd commonly observed in
low/intermediate temperatures. Both the present explanation
and experiment31 show a broad plateau for low magnetic
fields [where the difference betweenBf and BmaxsT1d is
large], a narrower one as the distance betweenBf and
BmaxsT1d decreases, and finally a reduction of the plateau into
a point whenBf ùBmaxsT1d. A similar plateau onQsTd ob-
served in thin films,32 whereJsBd is a monotonously decreas-
ing function, has most probably another ground asJsBd de-
pendence in thin films is governed by a completely different
pinning (and relaxation) mechanism.

III. EXPERIMENT

Most of the above-described results will be demonstrated
on a melt-texturedsNd0.33Eu0.33Gd0.33dBa2Cu3Oy (NEG-123)
sample with addition of 30 mol % Gd2BaCuO5 particles.
This sample, denoted “S1,” exhibited magnetic hysteresis
loop with two well-distinguished peaks separated by a deep
minimum, typical for many untwined bulk RE-123 materials.
It was produced by means of oxygen-controlled-melt-growth
process described in detail in Ref. 15. Structural analysis
reported there(sample LLM) revealed a uniform dispersion
of the secondary phase particles of 0.1 to a fewmm in diam-
eter. Point-like disorder was mainly due to RE/Ba composi-
tional fluctuation.9,10 Oxygen deficiency was minimal be-
cause of optimum oxygenationsTc<93 Kd. Twin boundaries
were absent. Sample “S2” was a melt-textured
sNd0.33Eu0.38Gd0.28dBa2Cu3Oy with 5 mol % of
sNd0.33Eu0.33Gd0.33d2BaCuO5 and was produced by the same
technology as S1. The particular Nd-Eu-Gd ratio resulted in
twinning. The twin structure consisted of regular twins and a
fine nano-scale lamellar substructure aligned with the regular
twins.33 This special type of pinning medium caused an
anomalous enhancement of pinning at very high fields, a
shift of the second peak to higher fields, and a partial filling
of the minimum between central and second peak so that the
dip transformed into a plateau.

Magnetic measurements were performed by means of a
vibrating sample magnetometer(VSM) in the field range up
to 14 T, mostly with field sweep rates 0.7, 0.4, and 0.2 or
0.1 T/min. Theexperimental QsBd curves were calculated as
a logarithmic difference of two full hysteresis curves mea-
sured with field sweep rates 0.7 and 0.2 or 0.1 T/min. The
model QsBd was obtained from Eq.(3) using logarithmic
derivativesxlnsBd of MHLs measured with the intermediate
field sweep rate(0.4 or 0.3 T/min). gE was determined ac-
cording to definition from the shift of the secondary peak
with field sweep rate. Supercurrent densityJ was calculated
from the measured irreversible magnetic moment using the
extended Bean model,1,2 J=DM / fa2csb−a/3d /2g, wherea,
b, c are dimensions of the rectangular sample andDM is the
height of MHL.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The correlation of the characteristic points ofJsBd and
QsBd dependencies is demonstrated in Fig. 2. Figure 2(a)

shows theJsBd curve of sample S1 recorded at 70 K with
field sweep rate 0.4 T/min. Characteristic points of the curve
are marked by vertical lines; the extremes by dot-and-dash
ones, the inflexion points by dotted ones. These lines coin-
cide with the corresponding features ofQsBd and −xlnsBd
dependencies shown in Fig. 2(b). At JsBd extremes,QsBd
=gE [as xlnsBd=0], at the middle inflexion point ofJsBd,
both −xlnsBd and QsBd reach their minimum values. Thus,
QsBd starts increasingsignificantly below Bmax. At and
aroundBmax, QsBd has always a positive slope. The lowest-
lying inflexion point can be approximately associated with a
shallow maximum ofQsBd at low fields. No significant fea-
ture of QsBd corresponds to the high-field inflexion point,
JsBinfd.

The two ways ofQsBd calculation are indicated by differ-
ent line styles. That calculated from two complete MHL
curves measured with slightly different field sweep rates is
the thicker one. That obtained by means of Eq.(3) with
−xlnsBd from one complete MHL andgE determined sepa-
rately is thinner and more noisy.gE was estimated as
QsBmaxd=fD ln J/D lnsdB/dtdgB=Bmax

calculated from short
sections of two MHLs measured with different field sweep
rates aroundBmax. Both approaches are almost equivalent.
Obviously, all features of −xlnsBd are reflected byQsBd.

Figures 3(a) and 3(c), together with Fig. 2, document that
although theJsBd dependence does not scale in a wide tem-
perature range, the correlation betweenJsBd and QsBd de-
pendencies persists over the whole temperature region, irre-
spective of the field range reduction and the relative second
peak height decrease. The faster decrease of the second peak
with increasing temperature with respect to the central peak
is consistent with higher pinning energy of the relatively
large secondary phase particles with respect to nanometer-
size point-like defects. It is natural that with increasing ther-
mal activation the pinning efficiency of small point-like de-

FIG. 2. Correlation of the experimentalJsBd dependence(a)
with QsBd and −xlnsBd (b) of sample S1 for 70 K and field sweep
rate 0.4 T/min.QsBd was determined asD ln J/D lnsdB/dtd from
the JsBd curves measured with sweep rates of 0.7 and 0.1 T/min
(thick solid curve) and from Eq.(3) using JsBd measured with
0.4 T/min(thin noisy curve). The vertical dot-dash and dotted lines
indicate correlation of extremes and inflexion points ofJsBd with
zero and extreme points ofQsBd, respectively.
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fects drops much faster than that of large particles.
Moreover, as irreversibility field drops with increasing tem-
perature, the field range of the pinning dominated by point-
like defects gradually reduces in favor of large particles.
Thus, with increasing temperature the secondary peak rap-
idly diminishes, changes into a shoulder on the MHL, and
finally vanishes. Consistently, the −xlnsBd andQsBd minima
transform into broad plateaus[Fig. 3(b)] and, finally, close to
Tc, the curves become monotonously increasing functions
[see, e.g., 3(a) in Ref. 34]. On the other hand, in RE-123
single crystals only a limited number of “large” particles is
present and the central peak is controlled by relatively weak
self-field effects.11,28 There, the central peak decreases with
increasing temperature faster than the secondary peak.12

In Fig. 4 we show that the correlation betweenJsBd and
QsBd exists also for the decomposed components.35 The dot-
ted and dot-dash curves in Fig. 4(a) describe the central and
second peak components, respectively. The solid curve rep-
resenting the theoretical totalJsBd dependence Eq.(13) can
hardly be distinguished from the experimental data(sym-
bols). The QisBd dependencies corresponding to the two
JisBd components,i =1,2, aredisplayed in Fig. 4(b). The
curves were calculated from Eqs.(8) and (11), using only
one complete MHL, measured with the intermediate field
sweep rate 0.4 T/min.gEs=0.0394d was determined from a
short segment of another experimental MHL measured with
0.7 T/min around Bmax=3.21 T. J01=51350 A/cm2 and
Bmax were determined directly from the experimental MHL,
Jmax=51213 A/cm2, BL=0.75 T, andn=2.09 resulted from
fit of the complete MHL by Eq.(13). Note that with this
value ofBL andjs0d=1.5 nm, we getR=1.93mm, which is
in a very good agreement with the structural analysis of this
sample.15 Figure 4(c) shows the weighted components
Q1sBdJ1sBd /JsBd and Q2sBdJ2sBd /JsBd and their sum. The
total QsBd obtained in this way, represented by the thick
solid curve, agrees with the curve calculated directly from

difference of two full hysteresis curves so well that the
curves are nearly indistinguishable[Fig. 4(c)]. The two ver-
tical dashed lines in Fig. 4(c) delimit the area outside which
only one of the weighted componentsQ1sBdJ1sBd /JsBd and
Q2sBdJ2sBd /JsBd has a considerable magnitude: at low fields,
QsBd is exclusively governed by the low-field pinning
mechanism,Q<Q1, at high fields only the high-field pinning

FIG. 3. Correlation ofJsBd dependencies(upper figures) with QsBd and −xlnsBd (lower figures) of the sample S1 for 80 K(a), 86 K (b),
and 88 K(c). The measurements were made withdB/dt=0.3 T/min.QsBd were determined asD ln J/D lnsdB/dtd from the curves measured
with field sweep rates of 0.7 and 0.1 T/min. The vertical dot-dash and dotted lines indicate correlation between extremes and inflexion points
of the JsBd dependence with zero and extreme points ofQsBd, respectively.

FIG. 4. (a) Decomposition of theJsBd dependencies of the
sample S1 measured at 70 K with field sweep rates 0.7 and
0.1 T/min into additive components,J1sBd (dotted curves) and
J2sBd (dot-dash curves); (b) individual relaxation ratesQ1sBd and
Q2sBd calculated asD ln Ji /D lnsdB/dtd, i =1,2; (c) weighted indi-
vidual relaxation rates,Q1J1/J andQ2J2/J, together with their sum
(solid curve) and the “experimental”QsBd dependence obtained as
D ln J/D lnsdB/dtd (symbols).

RELAXATION IN BULK RBa2Cu3O7−d SUPERCONDUCTORS PHYSICAL REVIEW B70, 024525(2004)

024525-5



mechanism is important,Q<Q2. Between the two lines,
around the minimum ofQsBd, both contributions are of the
same importance and have to be taken into account.

Another view of the above arguments we can find on the
plot of Q as a function ofJ. Such a plot[Fig. 5(a)] exhibits
three clearly distinguished parts: a nearly constant one be-
tweenJ01 andJmin (see the inset), a slightly (approximately
parabolically) J-dependent one betweenJmin and Jmax, and
finally, one increasing approximately logarithmically with
decreasingJ betweenJmax and low values ofJ (this part
corresponds to the high-field slope of the MHL). The solid
line represents experimental data(Q calculated from a dif-
ference of two curves measured with different sweep rates),
the dashed line is the plot ofQ from Eq. (15) with J calcu-
lated by means of Eq.(13) versus experimentalJ data. The
experimental and theoretical curves are in a very good agree-
ment in the whole field range. The first part, related to the
central peak, is emphasized in the representation shown in
Fig. 5(b) that presentsQ andQ1J1/J as a function ofJ1/J. Q
can be in this range quite well approximated by the weighted
dependenceQ1J1/J, up to about 0.3J1/J, which in turn cor-
responds toB<1 T [see Fig. 5(c)]. The linear increase of
Q1sBd according to Eq.(11) is in this field range satisfacto-
rily compensated by the approximately linear drop ofJ1/J
with increasingB [Fig. 5(c)].

The third part of the curve in Fig. 5(a), corresponding to
the fieldsBùBmax, represents a modified logarithmic depen-
dence. This seems to be inconsistent with Eq.(2) that claims
Q to be independent ofJ. The explanation stacks in the fact

that J is not an independent variable in magnetic measure-
ments. Similar toQ, J depends onB. Substituting in Eq.(2)
for B an inverse function toJsBd, B=InvsJsBdd, whereJsBd
is given by Eq.(13), one gets the dependence displayed in
Fig. 5(a) (dashed line). Figure 5(b) shows thatQ is in this
field range very well approximated byQ2J2/J (the dot-dash
line). The experimental data ofQsJd merge with the approxi-
mate curve,Q2J2/J, at aboutQ=gE, i.e., atBmax.

QsBd is at low fields nearly constant. This implies that
UsJd~ ln J [Eq. (1)]. Thus, we can expressUsJd in the same
way as for the second peak,UsJd=U0sB,TdlnsJ0/Jd. Then,
for the same reason as mentioned above forQsJd dependence
at high fields, it follows from Eq.(2) that U0 is independent
of B. Consequently, any potentialUsBd dependence at low
fields would originate solely from a difference in field depen-
dencies ofJ0 andJ.

In the intermediate region, betweenJmin and Jmax, the
QsJd dependence in Fig. 5(a) is evidently affected by both
pinning mechanisms. Sum of both contributions,Q1J1/J
+Q2J2/J, gives an excellent approximation ofQsJd in this
field range. Because the activation energy proved to be a
logarithmic function ofJ both in the low- and high-field
region, we can deduce that this is also true in the intermedi-
ate fields. Thus, Eq.(2) should hold there, too. However, the
field dependence ofU0 is a rather complicated function.

The fact that the correlation betweenJsBd and QsBd
curves was verified at low fields, too, means thatgE andkE
do not need a substantial modification due to a different scal-
ing of the central peak.

Although the Perkins’ model has been usually tested on
samples with a distinguished second peak,34,36 it should ap-
ply for any scaling characteristic feature of MHL.11,21 This
fact is demonstrated in Fig. 6 which presents data measured
on twinnedsample “S2.” Here, the dip between the central
and second peak was filled due to twin planes activity.37 The
shallow plateau-like minimum between the two peaks was
observed only when magnetic field was applied alongc axis

FIG. 5. Correlation ofJsBd dependence(upper figure) with QsBd
and xlnsBd (lower figure) of a twinned sample S2 at 77 K. The
measurements were made with field sweep rates 0.7, 0.3, and 0.1
T/min. The vertical dotted and dot-dash lines indicate correlation
between inflexion point and extremes ofJsBd with extreme and zero
point of QsBd, respectively.

FIG. 6. Correlation ofJsBd dependence(upper figure) with QsBd
and −xlnsBd (lower figure) of a twinned sample S2 at 77 K. The
measurements were made with field sweep rates 0.7, 0.3, and
0.1 T/min. The vertical dotted and dot-dash lines indicate correla-
tion between inflexion point and extremes ofJsBd with extreme and
zero point ofQsBd, respectively.
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(along twin planes). The plateau transformed into a regular
deep dip when the sample was declined by about 20° out of
c axis. QsBd was nearly constant over the plateau, in corre-
spondence withxln<0 and theQ value was close to that
obtained atBmax. Minimum relaxation rate was observed in
the vicinity of the inflexion point on the low-field side of the
second peak, in correspondence with the above model.

Similar evidence for a twinned sample was published in
Ref. 38, where intwinnedY-123 single crystal magnetized
alongc axis a wavy broad maximum was observed instead of
a second peak. TheQsBd curves reflected all features of this
anomalous MHL. After declining the sample by 20° fromc
axis, the wavy plateau of the MHL transformed into a regular
second peak and theQsBd dependence also changed shape
correspondingly. Although the other samples exhibited quali-
tatively the same correlation betweenQsBd and JsBd, the
quantitative comparison is worse, probably due to the fact
that the magnetic and relaxation data were recorded dis-
cretely by a superconducting quantum interference device
(SQUID). Also the study by Werneret al.39 on Y-123 single
crystals by SQUID, VSM, and torque magnetometry gives
typical QsBd dependencies(see the data for 50 K in Figs. 3
and 7 and for 60 K in Figs. 5, 8). The correlation ofQsBd
and JsBd and its consistent change after irradiation by Pb
ions was observed in Ref. 13 on a Dy-123 single crystal(see
Fig. 5 therein).

The above phenomenological model is based on the ex-
perimentally observed scaling of a characteristic feature of
MHL with electric field and temperature. Within this model,
the answer to the basic question of what is the microphysical
reason forJsBd increase belowBmax, can be only speculative.
We therefore add only a few comments concerning the mat-
ter. Formally, the scale factorJ0~BkE is responsible for the
increase ofJsBd. We point out thatkE<1 has been observed
in a wide range of bulk RE-123 materials, which makes this
dependence remarkably universal.

The correlation of theQsBd dependence with the shape of
MHL excludes all solely static explanations of the second
peak effect from consideration and points to a significant role
of relaxation. On the other hand, the orthodox “dynamic”
explanations, like that due to enhanced relaxation in the
range of the dip between the central and second peak, also
fail; we showed that the effective total relaxation rate is in all
this field range rather low and practically temperature inde-
pendent. We stress that the second peak(and the whole
MHL ) results from a delicate balance between relaxation and
magnetic induction, in which the pinning strength plays an
important role. Thus, for formation of MHL both static and
dynamic effects are equally important.

A wide field for discussion is elastic properties of vortex
matter. It was suggested thatJsBd rise can be due to shear
modulus softening. However, maximum ofC66sBd~bs1
−bd2s1−0.58b+0.29b2d (with b=B/Bc2) lies at about
0.3 Bc2. Therefore, the explanation can be correct only in
clean single crystals or conventional superconductors, where
the peak appears close belowBc2. In high-Tc superconduct-
ors instead ofBc2 we should takeBirr or Bm, the melting field,
as a scale field. In strongly doped RE-123 materialsBm
<Birr and thus, the maximum ofC66 lies in the range of

Bmax. Consequently, in the relevant field range,C66 develops
with field in a similar manner as the second peak inJsBd.
Evidently, the classical theory has no satisfactory answer to
this phenomenon and a new approach is needed.

The differentiation between point-like defects or their
small clusters and “large” particles, each of them being re-
sponsible for another peak in MHL, is also not very reliable.
The 20–50 nm large Zr-rich particles formed in a
(Nd,Eu,Gd)-123 bulk after a long-term ZrO2 ball milling of
the secondary phase Gd-211 enormously enhancedJ but es-
pecially at low field.40 The work gave no evidence of a pin-
ning mechanism crossover from “large” particle pinning
(central peak) to the point-like disorder pinning(second
peak). Even more striking was a similar behavior of the very
homogeneous pinning structure of only 3–6 nm in size pro-
duced by fast neutron irradiation.41–43Again, a strong effect
on J was observed, especially in the low field range. This
might indicate that the pinning mechanism associated with
the second peak involves some still unknown or not yet rec-
ognized feature.

V. SUMMARY AND CONCLUSIONS

Analyzing the relationship between logarithmic relaxation
rate,Q, and logarithmic susceptibility,xln, in which the scal-
ing of magnetization in bulk strongly pinned RE-123 mate-
rials plays a principal role,11,21 we found new features that
shed light on several aspects of the model.(i) JsBd around
and above the second peak is in the case of logarithmic pin-
ning potential a universal curve characterized by only one
parameter,n, determining the logarithmic slope ofJsBd at its
high-field inflexion point.(ii ) QsBd is in the whole experi-
mental field range determined bygE, the normalized relax-
ation rate atBmax (or at another MHL extreme), and by the
logarithmic derivative ofJsBd [or MsBd]. (iii ) Although the
parametersgE and kEs<1d were originally defined only for
high fields, it occurs that the correlation between experimen-
tal and modelJsBd andQsBd data in RE-123 samples with a
strong point-like pinning disorder persists also in the range
of the central peak, which indicates that the parameters are
nearly constant up to lowest fields.(iv) Equation(13) allows
for separation of the two terms and an individual study of
relaxation in the separate pinning regimes. The correspond-
ing logarithmic relaxation rates enter the total relaxation rate,
QsBd in the weighted form according to Eq.(15). (v) As
QsBd=gE at any extreme ofJsBd, the QsBd dependence is
rather flat belowBmax, slightly fluctuating around the value
gE. Above Bmax, JsBd is usually only negligibly affected by
central peak and thusQsBd increases asBn (n reaching val-
ues between 1 and 3), being solely governed by the second
peak pinning mechanism.(vi) From the experimentalQsJd
data of sample S1 at 70 K we deduced that the ansatzU
=U0 lnsJ0/Jd and, therefore, also Eq.(2) can be used in all
fields. Then,U0~B−n at high fields butU0sBd=const at
around central peak. In the intermediate fields,U0 is a com-
plicated function ofB because both pinning mechanisms sig-
nificantly participate.(vii ) Fixing of magnetic field during
temperature ramping between temperaturesT1 and T2
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sT1,T2d at a valueBf results in an effective scanning of the
MHL betweenBf /BmaxsT1d and Bf /BmaxsT2d. If T2 is set so
that BmaxsT2d=Bf !BmaxsT1d, one gets a flat, slightly wavy
QsTd dependence betweenT1 and T2, similar to theQsBd
course at low fields,BdBmax. Above T2, QsTd steeply in-
creases up toTc. This is a natural explanation of the plateau
in QsTd dependence in bulk RE-123 samples with strong
pinning. The plateau disappears whenBf ùBmaxsT1d. (viii )
The experimental evidence shows that the correlation be-
tweenJsBd andQsBd is valid in any RE-123 material exhib-
iting scaling of a significant feature of MHL with electric
field, e.g., in twinned or irradiated samples. In such cases,
the exact analyticalJsBd dependence is not known and the
correlation can be verified only numerically.(ix) The equiva-
lence between the dynamic relaxation rate and the conven-

tional one,44,45 allows for a substantial reduction of experi-
mental time in the above type of analysis by measuring one
full hysteresis loop and a short part of another one, around
Bmax, instead of a time-consuming measurement of conven-
tional relaxation at a number of different fields.
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