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Fishtail shape in the magnetic hysteresis loop for superconductors:
Interplay between different pinning mechanisms
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The scaling and relaxation behavior around the fishtail minimum is studied in detail in a wide temperature
range~3–70 K! on DyBa2Cu3O72d single crystals exhibiting a pronounced fishtail effect. Magnetic hysteresis
loops~MHL’s ! normalized with respect to the height and position of the fishtail maximum fall on a universal
curve which form can be derived from the phenomenological model of a thermally activated flux creep
proposed by Perkinset al. @Phys. Rev. B51, 8513 ~1995!#. This universal curve tends at low fields towards
zero. At low temperatures, the drop ofj s at low fields is usually masked by a wide central peak. By subtracting
the universal curve from the experimentalj s(B) data we separate the contribution of the central peak. It has a
simple, exponentially decaying field dependence. This implies that the fishtail minimum at low fields might be
understood as a result of an overlapping of two contributions originating from separate pinning mechanisms:
one active mainly at high fields and dying away withB going to zero and another one~responsible for the
central peak of the MHL! vanishing rapidly with increasing field. This concept is also supported by relaxation
experiments. These experiments confirm that the shape of MHL’s is given by a dynamic equilibrium between
the induction, pinning, and relaxation processes.@S0163-1829~97!05305-8#
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I. INTRODUCTION

The fishtail effect, a special shape of the magnetic hys
esis loop ~MHL !, was observed many years ago on bu
samples of conventional~low-Tc) superconductors.1–3 The
discovery of the high-temperature superconductors~HTSC’s!
has led to a revival of interest in this phenomenon as mos
the HTSC bulk samples exhibit this effect, too.4–9 The fish-
tail effect is widely discussed in the literature and many n
ideas are proposed.

One approach argues that the fishtail deformation of
MHL is due to an anomalous increase of the critical curre
at high fields resulting from an additional pinning on nons
perconducting particles becoming active at high fields.
regards the origin of these particles, there are many pro
als: zones with a lower second critical field3 Bc2, field-
induced granularity,5 oxygen vacancies changing the pinnin
efficiency at higher fields,6 and others being more samp
specific.10 One of the oldest hypotheses explaining the fi
tail maximum by matching the mean vortex lattice const
to the mean distance between pinning sites belongs to
family, too.

Krusin-Elbaumet al.9 proposed a dynamic explanatio
based on the observed enhanced creep in the vortex sy
in the vicinity of the fishtail minimum. It attributes the min
mum to a crossover between two pinning regimes, nam
between the domain of single vortices and the domain
vortex bundles. The consequences of this model, wh
should be valid quite generally, contradict, however, ma
experiments. The most striking difference is in the field d
pendence of the normalized logarithmic relaxation r
S(B) which in experiments does not mirror the shape of
MHL at the fishtail minimum as proposed.7 The low-field
550163-1829/97/55~5!/3276~9!/$10.00
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maximum of S(B) is observed in our and many othe
samples11 at fieldsbelow the fishtail minimum.

The enhanced sensitivity of the induced magnetic mom
to the field sweep rate in vicinity of the fishtail minimum wa
pointed out in Ref. 7. These experimental data were analy
in Ref. 12 by means of the generalized inversion sche
~GIS! proposed recently by Schnacket al.13

The calculation of the ‘‘real’’ critical current densityj 0
by extrapolating the experimental data on the measured
rent densityj s(T) and S(T) to zero temperature12 showed
that the field dependencej 0(B) does not exhibit the fishtai
shape. This important result points clearly to the dynam
character of the fishtail phenomenon.

Perkinset al.11 showed the close correlation between t
shape of the MHL and the relaxation rate. The analysis p
posed in Refs. 11 and 14 enables one to determine the
perature and field dependences of the effective pinning
rier in the sample exhibiting the fishtail effect.

In spite of the large amount of theories proposed u
now none of them is capable of a satisfactory description
all the experimental observations connected with the fish
phenomenon. The potential solution of the fishtail proble
has to bring into harmony the both still contradictory a
proaches, the static and the dynamic one, each of them
ported by the extensive reliable experimental material. It a
needs to explain why some samples exhibit this effect
others do not, the differences in the fishtail shapes obse
in different families of superconducting materials@conven-
tional superconductors,R-Ba-Cu-O ~R[rare earth!, Bi-Sr-
Ca-Cu-O#, and many other questions.

We believe that the ‘‘fishtail problem’’ cannot be re
stricted only to the ‘‘anomalous’’ MHL’s but that it is a
general problem of the understanding of the MHL shape
3276 © 1997 The American Physical Society
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55 3277FISHTAIL SHAPE IN THE MAGNETIC HYSTERESIS . . .
all. The preceding relaxation experiments point to the imp
tance of the central peak region in connection with the
pearance of the fishtail minimum. Therefore, we focus in t
paper on the scaling properties of the MHL and to the rel
ation behavior at low fields around the central peak. T
analysis of the experimental data is made in intention of
method proposed by Perkinset al.11,14

II. EXPERIMENTAL PROCEDURE

We used for our study DyBa2Cu3O72d ~DBCO! single
crystals which exhibit a pronounced fishtail effect.7,12 The
experiments have been carried out on a series of six DB
single crystals originating from the same batch grown fr
flux by the slow-cooling method identical with that used
Ref. 15 for preparation of YBa2Cu3O72d single crystals.
Magneto-optical observations proved that all the crys
were naturally twin free.

Magnetic hysteresis loops recorded at a constant fi
sweep rate and time-dependent relaxations of the magn
moment were measured at various temperatures~3 K >T>
70 K! by means of a vibrating sample magnetometer~VSM!
PAR 155 controlled by a PC 486 which was also used for
data acquisition and processing. A magnetic field in
range6 2 T was generated by an electromagnet with
analog sweep rate control enabling a continuous smooth
sweep. Measurements were performed with the field orien
parallel to thec axis of the samples~perpendicular geom
etry!. Before each conventional relaxation~CR! experiment
the external magnetic field was increased to the target v
with a constant sweep ratedB/dt5 29 mT/s.

To avoid any field overshoot, the feedback circuit of t
field regulator works in the aperiodic regime. This leads t
rather long time period between the stop of the control v
age and the real stop of the magnetic field sweep. During
characteristic delay time~typically 10–12 s! the rate of the
field sweep slows down from 29 mT/s to zero. During
measurements on our VSM we record simultaneously m
netic field, magnetic moment, time, and temperature. In
field sweep regime it enables us to eliminate the effect of
sweep rate on the shape of the MHL in most of the used fi
range. In the case of conventional relaxation, the point w
the applied field gets constant can be easily determined
this paper we set into this point the origin of the time sca
t5 0, for the conventional relaxation data. The decay of
induced magnetic momentM at a constant field was alway
measured for the same time period of 900 s.

All six measured crystals showed qualitatively the sa
magnetic behavior; therefore, only the results obtained on
largest one, with dimensionsa3b3c50.9231.7130.015
mm3, are presented in this paper. Critical temperature w
Tc5 87 K as determined from the zero-field cooling~ZFC!
curve measured by a Quantum Design superconduc
quantum interference device~SQUID! magnetometer.

The current densityj s was calculated using the extende
Bean formalism which forBW uuc gives j s5DM /V where
V5a2(b2a/3)c/2 andDM is the difference between mag
netic momentsM on the descending and ascending fie
branches of the MHL. For our sampleV58.9131023

mm4.
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III. EXPERIMENTAL RESULTS

Typical shapes of the MHL’s observed at low and hi
temperatures are shown in Figs. 1~a! and 1~b!. Whereas at
T5 3 K @Fig. 1 ~a!# the size of the MHL~difference of the
magnetic moments on the ascending and descending
branches! continuously decreases with increasing field in t
whole field window, the MHL measured atT5 40 K @Fig. 1
~b!# shows a well-developed minimum at intermediate fie
~the fishtail shape!.

The temperature scan ofj s(B) determined from the
MHL’s measured at temperatures ranging from 3 K to 70 K
is presented in Fig. 2. Differentj s-axis formats used in Figs
2~a! and 2~b! emphasize different features of the field a
temperature dependences. In Fig. 2~a! we can compare rea
sizes of thej s(B) curves measured at different temperatur
The significant feature of this plot is the rapid reduction
the central peak~both in height and width! with increasing
temperature. The dotted line with the slope16 ux0u/3 indicates
the field of full flux penetration,Bpen, approximated as
uBpenu'3m0Mpen/ux0u. x0 is the initial susceptibility mea-
sured as a slope of the virgin magnetization curve at z
field, m0 is the permeability of a free space, andMpen is the
magnetic moment on the MHL at the external fie
B5Bpen.

The starting slope of the virgin magnetization curve af
the zero field coolingx05m0DM /DB is determined by the
volume screened by the induced surface currents in
sample. For long cylindrical samples with axis parallel to t
external field this volume is close to the sample volume
for a thin flat cylindrical sample with diameterd, perpen-
dicular to field,17 x052d3/2'2(4p/3)(d3/8); i.e., the
screened volume is as large as the sphere with diameter e

FIG. 1. Full hysteresis loops of the induced magnetic mom
M as a function of external field B atT5 3 K ~no fishtail! and at
T5 40 K, where a clear fishtail shape is developed. The sweep
is dB/dt5 29 mT/s.
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to the diameter of the sample. In flat samples with other t
circular geometryd should be replaced by an effective ma
netic diameter of the sample plane. It means thatx0 is a
geometrical factor, nearly temperature independent~except
for the temperatures in vicinity ofTc). Its value is also close
to the differential susceptibility characterizing the magne
zation response of the sample on small variations of the

FIG. 2. Development of the fishtail effect with raising tempe
ture in terms of the critical current densityj s5DM /V evaluated
from hysteresis loops recorded with sweep ratedB/dt5 29 mT/s.
The dotted line indicates the penetration fieldBpen, approximated
as 3m0M (T)/x0. The scaling of the MHL shape withBpen is clearly
seen for both low temperatures~a!, linear scale ofj s, and high
temperatures~b!, logarithmic scale ofj s. In the latter plot the equi-
distant curves ofj s(B) indicate the exponential field dependence
j s.
n

-
x-

ternal magnetic field and the reversal of the field sweep~re-
verse leg!. In our sample the experimental value
x0520.9 mm3, corresponding to the effective lateral diam
eterdeff5(2x)1/351.2 mm. It is in a good correlation with
the sample dimensions 0.9231.71 mm2.

We see that the width of the central peak of the MH
scales well withBpen. As Bpen}M} j s ~Ref. 16!, it is natural
to expect decrease of the central peak width with increas
temperature proportional toj s. The logarithmic plot ofj s in
Fig. 2~b! shows that the ln@ js(B)# curves are nearly equidis
tant in a wide temperature range. It means thatj s decreases
exponentially with increasing temperature~only above 50 K
this dependence becomes more pronounced!. Consequently,
the central peak width decreases exponentially with temp
ture, too.

Simultaneously with the reduction of the central peak,
fishtail develops from a classical, monotonously decreas
curve at low temperatures through a shallow and wide m
mum observed on MHL’s at around 10 K up to a deep a
narrow minimum observed at high temperatures. The p
tion of the minimum shifts with raising temperature to low
fields. We note that the fishtail dip lies consistently outs
but close to the border of the field range delimited by t
Bpen values.

For temperatures above 10 K where the fishtail peak
be recognized and its positionBp and heightj p can be di-
rectly measured the experimental data of the Fig. 2 w
normalized with respect to the fishtail peak coordina
(Bp , j p). The normalized curvesj sc(Bsc) where j sc5 j s/ j p
andBsc5B/Bp , are plotted in Fig. 3~a!.

The MHL curves for low temperatures exhibiting expli
itly no fishtail maximum were normalized with the help o
the Bp and j p values obtained by extrapolation from hig
temperatures@Figs. 4~a! and 4~b!#. A fit of these data
showed that Bp(T)52.2(12T/Tc)

1.37 T and j p(T)
51.6731010exp(2T/22.2K) A/m2. In Fig. 4~b! the tempera-
ture dependencej p(T) is compared to the temperatur
development of the central peak height,j cp(T). It was
found that j cp scales with temperature asj cp(T)
53.76731010exp(2T/14.6K) A/m2. The preexponential co
efficients in j p(T) and j cp(T) represent the values extrapo
lated to zero temperature. Addition of the normalized lo
temperature data into Fig. 3 is not important for t
presentation of the high-field range scaling~which is better
demonstrated by the high-temperature measurements! but it
is crucial for the analysis of the central peak scaling d
cussed below.

The reduction of the central peak with increasing te
perature could imply that the shape of the high-field pinn
regime could be even better documented by the experime
data at temperatures above 70 K. However, we found that
character of the pinning and depinning processes at temp
tures close toTc changes and it cannot be described cons
tently within the approach presented in this paper. Due to
very low magnitude of the induced magnetic moment in t
temperature range, there is also a high scatter in the exp
mental data recorded by the VSM.

Dynamic properties of the vortex system in differe
fields and temperatures were investigated by means of
conventional relaxation measurement. For the sake of c
parability between individual measurements all the rel

-
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55 3279FISHTAIL SHAPE IN THE MAGNETIC HYSTERESIS . . .
ations were recorded for the same time of 900 s starting f
the moment of a real field stabilization. The results are su
marized in Fig. 5 in theM (B) representation which enable
us to compare both the relaxation rate at different fields
the whole relaxation process with respect to the size of
magnetization loop from which all relaxations had start

FIG. 3. ~a! Normalized critical current densitiesj s/ j p for differ-
ent temperatures as a function of the normalized fieldBsc5B/Bp .
The universal curve given by Eq.~4! with m51 and n50.5 is
shown as a dotted line.~b! The same experimental data as in~a!
after subtraction of the universal curve@the concave dotted line in
~a!#. We note the linear field dependence of the central-peak c
ponent of the scaled current density which corresponds well to
dependence described by Eq.~7!.
m
-

d
e
.

The strength of the relaxation is symbolized by the diffe
ence between the current density at the beginning@the lowest
pointM (t'0)# and at the end@the highest pointM (t'900
s!# of each relaxation indicated in Figs. 5~a! and 5~b! by

-
e

FIG. 4. The temperature dependences of the position of the
tail peak,Bp ~a!, of the heights of the high-field~fishtail! and central
peaks of MHL, j p and j cp, respectively~b!, and of the coefficient
a in the exponential field dependence of the central peak, Eq.~7!
~c!.

FIG. 5. Conventional relaxation~CR! measurements represente
by magnetic moment as a function of magnetic fieldM (B) ~solid
vertical lines! for two temperaturesT5 7 K ~a! and 40 K~b!. All
the CR’s were recorded up tot5 900 s. From the evolution of the
applied field with time the starting point of each CR~the lowest
point of the solid line! was determined as the time for which th
applied field became constant after transition~dotted line! from the
preceding constant-sweep mode~MHL !. This time was set as an
origin for analysis of the CR data.
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FIG. 6. Comparison of the field dependenc
of the logarithmic relaxation rate S5
2dlnuMu/dlnt, slope of the MHL,duM u/dB, and
the logarithmic susceptibilityx

ln
5dlnuMu/dlnB

for two temperaturesT5 7 K ~a! and 40 K~b!.
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thick vertical line. The dotted lines connecting the individu
relaxations with the MHL correspond to the field-swee
damping process. All the conventional relaxations were m
sured on the positive ascending field branch of the hyster
loop ~whereM is negative!.

Comparison of Figs. 5~a! and 5~b! shows that the charac
ter of relaxation is strongly temperature dependent: In b
indicated temperatures 7 K and 40 K, the creep rate culm
nates close to zero field and then decreases with increa
field. At 7 K @Fig. 5~a!# the decrease is slow but continuo
up to 2 T, atT5 40 K @Fig. 5 ~b!# the decrease is sharp b
stops atB'0.3 T and then the creep rate starts to gr
again.

The relaxation process can be quantitatively character
by the logarithmic relaxation rateS52dln(M)/dln(t). The
field dependence ofS is shown in Figs. 6~a! and 6~b! for 7 K
and 40 K, respectively. These dependences confirm the
laxation characteristics from Figs. 5~a! and 5~b! and show
correlation between the dynamic processes in the vortex
tice and the shape of the MHL. This correlation was fou
betweenS and the simple or logarithmic derivative ofM
~called the logarithmic susceptibility!, duM u/dB or
x
ln
52dlnuMu/dln(B), respectively.

IV. DISCUSSION

A. MHL scaling

Analysis of the scaling properties of MHL’s around an
above the fishtail maximum presented in this paper is ba
on the model proposed by Perkinset al.11,14 This model is
constructed assuming only the thermally activated creep
cess. It means that the effective electric field induced in
sample by change of the current density with time is

E5Bvd exp F2Ueff~ j s,B,T!

kT G , ~1!

wherev the microscopic attempt frequency,d the effective
vortex jump distance,Ueff is the effective activation energy
l
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andk is the Boltzmann constant. Following Schnacket al.13

and Perkinset al.,11,14 the effective activation energyUeff is
chosen in the form

Ueff~ j s,B,T!5U0~B,T!VF j s
j 0~B,T!G , ~2!

where the functional dependence ofUeff on the current den-
sity is formally separated into the functionV. U0 and j 0 are
the characteristic parameters of the creep process.

The empirical scaling ofj s(B) curves presented in Fig
5~a! implies that in the high-field region the normalized cu
rent density j sc is a function of only the normalized field
Bsc, j sc5F(Bsc); i.e., all the temperature dependence
j sc is included only in the temperature dependencies ofj p
andBp .

In Eq. ~2! we can replaceUeff by kTln(Bvd/E) @see Eq.
~1!#. It is useful to expressj 0 and U0 as products of the
temperature- and field-dependent terms,11 j 0(B,T)5
L(T)Bm and U0(B,T)5C(T)B2n. The temperature func
tions L(T) andC(T) can be determined from the fishta
coordinates as follows:14

L~T!5l j p~E,T!Bp
2m~E,T!,

C~T!5c ln~Bvd/E!TBp
n~E,T!, ~3!

wherel andc are constants. Perkinset al.11,14 have found
for TmBa2Ca3O7 single crystals thatV} ln( j s). Taking into
account the logarithmic character of the functionV, Eq. ~2!
can be rewritten asj sc(Bsc)5lBsc

mexp@(2k/c)Bsc
n #. Such a

function ofBsc has a form appropriate for the description
the experimentally found scaling. However, to fit the sca
data, this dependence has also to satisfy two boundary
ditions atBsc51, namely,d jsc/dBsc50 and j sc51. These
conditions exert constraints on the constantsl and c:
l5exp(k/c), c5kn/m. With these values thej sc(Bsc) reads

j sc~Bsc!5Bsc
mexpFmn ~12Bsc

n !G . ~4!

In Ref. 11, the authors found, for TmBa2Cu3O7, m
5n51. The function from Eq.~4! with m5n51 fits the
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55 3281FISHTAIL SHAPE IN THE MAGNETIC HYSTERESIS . . .
scaled experimental data in Fig. 3~a! reasonably well at low
fields,Bsc<1; however, in fields above the fishtail maximu
it decreases too fast compared to experimental data. To
tain a better fit in the whole investigated range of fields
usedn as a variable.21 A good fit to our experimental data i
the whole investigated field range was obtained w
m51.01 andn50.5. Such a fit function is indicated in Fig
3~a! by the dotted line.

Equation ~4! is an alternative to the function
j sc(Bsc)5Bsc

p (12Bsc)
q used commonly in the literature.18 Ir-

respective of the actual values of the parameters (m,n) or
(p,q), Eq. ~4! fits the experimental data better, especially
high fields.

It is likely that both the shape of the universal curve
high fields and the corresponding values ofm and n are
specific to each sample and are determined by a distribu
and type of the microscopic pinning sites in the sample.
an artificial change of the distribution and quality of the p
ning sites as done, e.g., by a variation of oxygen conten
by an irradiation of the samples, the shape of the unive
curve can be significantly modified.

Irrespective of the actual values ofm andn, Eq. ~4! de-
scribes the experimentally observed form of MHL’s which
a result of different field dependences ofj 0(B) andU0(B),
one increasing and the other decreasing with increasing fi
Each of these functions plays a dominant role in a differ
field range~see Fig. 7 in Ref. 11!. It explains the existence o
the fishtail maximum and the drop ofj s(B) at B<Bp . The
temperature dependence of the depth and position of the
tail minimum is a result of the interplay between the hig
field pinning regime studied in this section and the pinn
regime of the central peak range which, as will be sho
below, has a quite different temperature dependence.

FIG. 7. The logarithmic relaxation rateS as a function of the
applied fieldB ~a! and the scaled fieldBsc5B/Bp ~b! for tempera-
tures ranging from 7 K to 50 K.
b-
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B. Dynamics of the vortex lattice

As shown empirically in Sec. III, the relaxation rate
correlated with the MHL shape through the simple or log
rithmic derivative ofM . We point out that both these quan
tities are related as

x
ln
52

B

uM u
duM u
dB

, ~5!

which means that the slope of the MHL,duM u/dB, and the
logarithmic derivativex

ln
are equal to zero at the same va

ues ofB ~exceptB50).
For a thermally activated vortex motion Perkinset al.11

established the theoretical relation betweenQ
5dlnuMu/dln(dB/dt), the logarithmic relaxation rate of th
field-sweep mode~dynamic relaxation!,19 and the logarith-
mic susceptibilityx

ln
,

Q~B,E,T!5g
E
~E,T!@k

E
~E,T!2x

ln
~B,E,T!#, ~6!

whereg
E
andk

E
are functions of temperatureT and electric

field E across the sample generated by the field sweep
are related11,14 to m and n as m5k

E
and

n5(12g
E
)/@g

E
ln(Bvd)#.

Because the field-sweep relaxation (dB/dt5 const! and
the conventional relaxation (B5 const! regimes are fully
compatible19,20 as well as the corresponding normalized r
laxation ratesQ5dlnuMu/dln(dB/dt) andS52dlnuMu/dln(t),
Eq. ~6! can be also used for the conventional relaxation. W
can therefore replaceQ in Eq. ~6! by S.

Following Eq.~6! we plotted experimental values ofS as
a function of 2x

ln
and obtained values ofk

E
'1.1 and

g
E
'0.04. According to this, we obtained for our samp

m'1.1, in good agreement with the value obtained in
preceding subsection. Determination ofn failed due to
the uncertainty in the extrapolation of2g

T
(T)

52dln(jp)/dln(Bp) to T50 which was used in Ref. 11 fo
estimation of ln(Bvd).

We will look in more detail at theS(B) dependences
plotted for different temperatures in Fig. 7~a!. Scaling of the
experimental current densities with the fishtail peak coor
nates (Bsc, j sc) shown in Fig. 3~a! and the correlation be
tween the logarithmic relaxation rate and the shape of
MHL discussed above imply that the logarithmic relaxati
rate should scale withBsc, too. A plot ofS as a function of
the normalized field is shown in Fig. 7~b!. All data measured
at temperatures 7–50 K fall onto one universal curve hav
its minimum (S. 0.027! at the scaled fieldBsc. 0.75. This
is a value close to the inflection point of the universal ma
netization curve. It is additional proof of the correlation b
tween creep processes and the shape of the hysteresis c

Figures 5~a!, 6~a! and 7~a! show that at low temperature
the relaxation rate decreases at high fields continually u
the end of our experimental field range. However, even
low temperatures, one would expect a high relaxation rat
sufficiently high fields, in the vicinity of the irreversibility
line. Figure 7~b! indicates that at low temperatures the upp
limit of our experimental field range is below 0.75Bp which
means that our field window is too narrow to observe
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3282 55JIRSA, PŮST, DLOUHÝ, AND KOBLISCHKA
minimum ofS. We believe that at sufficiently high fields w
would obtain a turnover in theS(B) dependence abov
whichS would grow with increasing field in similar manne
as we observe at high temperatures.

TheS(B) dependence has at low fields a sharp high ma
mum at high temperatures which with decreasing temp
ture reduces rapidly and becomes flat. This process is
recognized in Fig. 7~a!, somewhat worse in Fig. 7~b!. Ex-
trapolating this process to even lower temperatures, one
expect that the low-field maximum will disappear at all a
will transform into a plateau with a characteristic low lim
value ~in our sample we observe this limit to b
S'0.027).22

It is interesting to note that theS(B) increasing with field
is observed also in thin films and tapes where the cen
peak dominates the low-field range similarly as in o
sample at low temperatures.

The enhanced relaxation at low fields observed as a m
mum on theS(B) dependence may have an origin in spec
conditions existing in this field region. Let us assume
sample exposed first to the external field higher th
2Bpen. If the applied field is then reduced to zero, the int
nal field is zero at the sample edge but it is approximat
equal toBpen at the center.Bpen is approximately the uppe
limit of the variation of the local field inside the sample.
implies that the local internal fieldBi in some part of the
sample can be zero only foruBu<uBpenu. If it is the case, i.e.,
if there is a part of the sample withBi5 0, vortices on
opposite sides of the zero-internal-field border are oriente
opposite directions, due to the opposite Lorentz force t
are attracted to each other, and finally they can annihilat
this border,insidethe sample. They do not need to go all t
way up to the sample edge to disappear. Such a relaxa
mechanism is therefore restricted only to the range of ex
nal fields between2Bpen and1Bpen, i.e., to the region of
the central peak@see Fig. 2~a!#. At low temperatures the
thermal excitation is reduced leading to a reduction of
peak in theS(B) dependence.

There are two features of our relaxation experime
which enable us to make a clear conclusion:~i! S has a
minimum value atB'0.75Bp , not atB5Bp as predicted by
the matching effect hypothesis, and~ii ! S is highest around
the inflection point of the central peak, not at the position
the fishtail minimum as predicted in Ref. 9. These expe
mental findings exclude~i! the matching effect and~ii ! the
crossover between the pinning regimes of individual vorti
and of the vortex bundles from the potentially correct exp
nations.

C. Scaling of the central peak

While the high-field parts of the experimentalj s(B)
curves scale well with the fishtail peak characteristics, F
3~a! manifests clearly that the low-field parts~the central
peaks! exhibit a quite different dependence on temperatu
Similar conclusions follow also from the scaling of the log
rithmic relaxation rateS @Fig. 3~b!#.

These observations lead straightforwardly to the conc
sion that the pinning mechanism governing the low-fie
~central peak! region is quite different from that which i
dominant at high magnetic fields. The former one, active
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external fields smaller or comparable to the penetration fi
Bpen, is related mainly to the geometrical effects23 and/or
self-fields.11 The latter relaxation mechanism is related to t
interaction of the vortices aligned with thec axis with the
actual microscopic pinning structure~in our sample most
probably a random pointlike pinning structure24! and to the
collective pinning processes. The distribution and quality
pinning sites control the pinning and the depinning proces
and, consequently, the shape of MHL’s at high fields. At lo
fields, in vicinity of B50, this mechanism loses its effi
ciency and thej s(B) dependence is governed mainly by th
linear dependence ofj 0(B) ~see Sec. IV A!. The physical
reason for this may be a dilution of thec-axis-aligned vortex
lattice at low fields.

The idea of two overlapping contributions arising fro
different pinning mechanisms points to the significance
the central peak in the fishtail problem: At low temperatu
where the central peak is high and wide, it dominates a s
stantial part of the investigated field range. It masks there
drop of the ‘‘high-field’’ pinning mechanism at low field
and no fishtail is observed. With an increasing temperat
the central peak rapidly reduces both in height and wi
which enables us to trace the actual shape of the ‘‘hi
field’’ pinning mechanism up to very low fields. As thi
mechanism loses its efficiency at low fields, one can obse
a minimum separating the central peak from the fish
maximum.

To learn more about the low-field pinning mechanism,
subtracted the universal curve given by Eq.~4! from the
experimental data in Fig. 3~a!.

The resulting curves very rapidly die out with increasi
field. The logarithmic plot in Fig. 3~b! manifests that all
these curves decay exponentially withBsc. These experi-
mental curves can be well fitted by

j sc~Bsc!5 j sc~0!exp~2aBsc!, ~7!

where a is a temperature-dependent parameter@see Fig.
4~c!#. As both j cp and j p are exponential functions of tem
perature@see Fig. 4~b!#, j sc(0)5 j cp/ j p depends also expo
nentially on temperature.

It should be noted that the magnitude of the central p
is in Eq. ~7! represented by the zero-field current dens
j sc(0). At very low temperatures~below 7 K! where the cen-
tral peak is wide and its top is rather flat, this descripti
fails at fields very close to zero. At these temperature
better fit is therefore obtained with the value ofj sc(0) some-
what higher than the experimental one.

Figure 4~b! shows that the exponential decay ofj cp with
temperature is faster than that ofj p . In other words, as tem
perature raises, the central peak of the MHL loses its do
nant role at intermediate fields and at temperatures ab
' 40 K the fishtail peak starts to dominate. The exponen
dependences of both quantities become at temperat
above 60 K even more pronounced. It is probably due
melting of the vortex lattice.

The temperature dependence of the parametera shown in
Fig. 4~c! only confirms the small spread of the decay rates
the j sc(Bsc) dependences observed in Fig. 3~b!. Surprisingly,
for a wide range of temperatures, 20–60 K,a is nearly tem-
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perature independent. Above 60 K the processes conne
with the vortex lattice melting evidently start to play a si
nificant role.

To manifest an applicability of our model in a wide ran
of temperatures, we make an inverse procedure to the ab
described separation process. We add the universal cu
Eq. ~4!, and the functional description of the central pe
@Eq. ~7!# with parameters obtained from Fig. 4. Results
such procedures performed for 7 K, 40 K, and 70 K a
shown in Figs. 8~a!–8~c! along with the corresponding ex
perimental data. It is evident that the same superpositio
able to model the whole process of the fishtail developm
starting from the classical MHL shape, with the continuou
decreasing size@Fig. 8~a!#, up to the MHL with a fully de-
veloped fishtail shape@Fig. 8~c!#. It confirms that the fishtail
effect in samples like the ours can be understood as an o
lapping of two separate pinning mechanisms with differ
temperature dependences. These mechanisms exist
probably also in samples which do not explicitly exhibit t
fishtail ‘‘anomaly.’’ We believe that if we were able to sup
press the central peak in such samples, we could obs
there a fishtail deformation of the MHL, too.

D. Conclusions

The concept outlined above gives an answer
several fundamental features of the fishtail problem
R-Ba-Cu-O~R[rare earth! single crystals.

FIG. 8. Comparison of the experimentalj s(Bsc) data~symbols!
with the modeled MHL~solid line! for T5 7 K ~a!, 40 K ~b!, and
70 K ~c!. The modeled MHL was composed as a sum of the u
versal curve, Eq.~4! for m51 andn50.5 ~dotted concave line!,
and the central peak contribution, Eq.~7! with parameters from fig.
4 ~dot-dashed convex line!. For sake of direct comparability with
the measured current densitiesj s the scaled current data obtaine
from Eqs.~4! and~7! were multiplied byj p(T) ~see Fig. 4!. For all
investigated temperatures the solid line of the modeled curve c
cides within the experimental error with the experimental data.
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~i! The fishtail effect occurs in different samples at diffe
ent temperatures and fields: As discussed above, the fis
phenomenon is a result of the interplay of two different p
ning regimes. The separation process of both maxima in
j s(B) dependence@the high-field~fishtail! one and the centra
~low-field! one# with increasing temperature reflects deve
opments of the actual shapes of the both contributions w
temperature which differ from sample to sample. For
stance, the reduction of the oxygen content6 brings about the
introduction of additional pinning sites~oxygen vacancies!
which enhance critical currents in the high-field part of t
MHL and increase probably alsoBc2. As a result, the whole
high-field part expands to higher fields and the fishtail ma
mum separates from the central peak.

~ii ! Position of the fishtail maximum scales with
(12T/Tc)

1.37 which may have a link to the temperature d
pendence of the penetration depth25 l(T)}(12T/Tc)

21/2. It
is most probable that just the change ofl with temperature
sets the effective scale on the applied field. However, eve
the scaled plot the fishtailminimumshifts to lower fields
with increasing temperature. No scaling law for the positi
of the minimum has been yet found. The model presen
here gives a natural explanation to it: The fishtail minimu
shifts along the positive slope of the universal curve desc
ing the high-field pinning mechanism in correspondence w
the reduction of the central peak size with increasing te
perature. The minimum results as a superposition of t
contributions with different temperature dependences; i
easy to understand the difficulty of finding a simple analy
cal function describing the position of the minimum in su
a case.

~iii ! The fishtail effect is not observed at low temper
tures: The central peak is sufficiently wide to mask the d
of the high-field pinning regime at fields close to zero.

Our relaxation measurements confirm a close correla
between the relaxation rate and the shape of the magn
hysteresis loop which has been empirically established
Caplinet al.26 and Perkinset al.11,14 The analysis of the ex-
perimentalS(B) dependence indicates that the crossover
fect in the form defined in Ref. 9 and the matching effe3

can be excluded from the potential explanations of the fi
tail effect.

The concept presented in this paper brings into acc
both the static and dynamic approaches to the problem
the related experiments. The scenario of two independ
pinning regimes points to the necessity of a better und
standing of the vortex dynamics connected with the form
tion of the central peak of MHL’s and of the flux motion i
a diluted vortex lattice. Generation of self-fields, local fie
inhomogeneities, bending of vortices at nonzero transve
fields, surface barrier, and other effects can play a signific
role here. The authors believe that this phenomenolog
analysis will be a challenge for theorists to build up a sa
factory theoretical microphysical background for the pr
cesses connected with the vortex dynamics in the cen
peak region which are most probably crucial for the fisht
minimum occurrence.

Note added.Very recently Abulafiaet al. have published
a paper27 discussing the fishtail maximum in an Y-Ba-Cu-
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single crystal at temperatureT585 K close toTc of this
material. The authors attribute the maximum to the crosso
between the elastic and plastic vortex creep with quite c
vincing arguments, giving in this way straightforward phy
cal meaning~at least in the temperature range they study! to
the fieldBp used in this paper for normalization of the fie
scale at all temperatures. However, the theoretical temp
ture dependence ofBp following from the plastic creep
model used in Ref. 27 gives, when extrapolated to low te
peratures, values of the fishtail maximum position incons
tently high in comparison with the experimental ones. W
k,

n

l,

re
.
h,
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n

d

er
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e

believe that our paper will provoke further detailed study
the flux dynamics around the fishtail maximum in a wi
temperature range.
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5M. Däumling, J. M. Seuntjens, and D. C. Larbalestier, Natu
346, 332 ~1990!; M. S. Osofsky, J. L. Cohn, E. F. Skelton, M
M. Miller, R. J. Soulen, Jr., S. A. Wolf, and T. A. Vandera
Phys. Rev. B45, 4916~1992!.

6J. L. Vargas and D. C. Larbalestier, Appl. Phys. Lett.60, 1741
~1992!.

7M. Jirsa, A. J. J. van Dalen, M. R. Koblischka, G. Ravi Kuma
and R. Griessen, inCritical Currents in Superconductors, edited
by H. W. Weber~World Scientific, Singapore, 1994!, p. 221.

8R. Hiergeist, R. Hergt, A. Erb, and G. Mu¨ller-Vogt, in Critical
Currents in Superconductors, edited by H. W. Weber~World
Scientific, Singapore, 1994!, p. 225.

9L. Krusin-Elbaum, L. Civale, V. M. Vinokur, and F. Holtzberg
Phys. Rev. Lett.69, 2280~1992!.

10M. Ullrich, D. Müller, K. Heinemann, L. Niel, and H. C. Frey
hardt, Appl. Phys. Lett.63, 406 ~1993!.

11G. K. Perkins, L. F. Cohen, A. A. Zhukov, and A. D. Capli
Phys. Rev. B51, 8513~1995!.

12A. J. J. van Dalen, M. R. Koblischka, R. Griessen, M. Jirsa, a
G. Ravi Kumar, Physica C250, 265 ~1995!.

13H. Schnack, R. Griessen, J. G. Lensink, C. J. van der Beek, an
H. Kes, Physica C197, 337 ~1992!.
d

d

P.

14G. K. Perkins and D. Caplin, Phys. Rev. B54, 12551~1996!.
15V. G. Hadjiev, C. Thomsen, A. Erb, G. Mu¨ller-Vogt, M. R. Kob-

lischka, and M. Cardona, Solid State Commun.80, 643 ~1991!.
16C. P. Bean, Rev. Mod. Phys.36, 31 ~1964!.
17L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii,Electrodynam-

ics in Continuous Media, 2nd ed. ~Pergamon Press, Oxford
1984!, p. 185; V. F. Elesin, I. V. Zakharchenko, A. A. Ivanov
A. P. Menushenkov, A. A. Sinchenko, and S. V. Shavkin, S
percond. Phys. Chem. Technol.3, 1376~1990!.

18L. Klein, E. R. Yacoby, Y. Yeshurun, A. Erb, G. Mu¨ller-Vogt, V.
Breit, and H. Wu¨hl, Phys. Rev. B49, 4403~1994!; R. Prozorov,
A. Tsaremet, Y. Yeshurun, G. Koren, M. Konczykowski, and
Bouffard, Physica C234, 311~1994!; M. Kiuchi, E. S. Otabe, T.
Matsushita, T. Kato, T. Hikata, and K. Sato,ibid. 260, 177
~1996!.
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