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Fishtail shape in the magnetic hysteresis loop for superconductors:
Interplay between different pinning mechanisms

M. Jirsa, L. Pst, and D. Dlouhy
Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, CZ-18040 Praha 8, Czech Republic

M. R. Koblischka
Groupe de Physique AppligegUniversitede Genge, 20, Rue d’Ecole de Mecine, CH-1211 Gene 4, Switzerland
(Received 10 January 1996

The scaling and relaxation behavior around the fishtail minimum is studied in detail in a wide temperature
range(3—70 K) on DyBa,Cu30+_ 5 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 Perkinet al. [Phys. Rev. B51, 8513(1995]. This universal curve tends at low fields towards
zero. At low temperatures, the dropjQfat low fields is usually masked by a wide central peak. By subtracting
the universal curve from the experimenig|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 wighgoing to zero and another orieesponsible for the
central peak of the MHLvanishing 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 proces$&0163-182@7)05305-9

[. INTRODUCTION maximum of S(B) is observed in our and many other
sample$! at fieldsbelowthe fishtail minimum.

The fishtail effect, a special shape of the magnetic hyster- The enhanced sensitivity of the induced magnetic moment
esis loop(MHL), was observed many years ago on bulkto the field sweep rate in vicinity of the fishtail minimum was
samples of conventionglow-T,) superconductors:® The  pointed out in Ref. 7. These experimental data were analyzed
discovery of the high-temperature superconduddSC’s) in Ref. 12 by means of the generalized inversion scheme
has led to a revival of interest in this phenomenon as most ofGIS) proposed recently by Schnaek al®

the HTSC bulk samples exhibit this effect, t63.The fish- The calculation of the “real” critical current density,
tail effect is widely discussed in the literature and many newby extrapolating the experimental data on the measured cur-
ideas are proposed. rent densityj(T) and S(T) to zero temperatuté showed

One approach argues that the fishtail deformation of thehat the field dependendg(B) does not exhibit the fishtail
MHL is due to an anomalous increase of the critical currentshape. This important result points clearly to the dynamic
at high fields resulting from an additional pinning on nonsu-character of the fishtail phenomenon.
perconducting particles becoming active at high fields. As Perkinset al!! showed the close correlation between the
regards the origin of these particles, there are many proposhape of the MHL and the relaxation rate. The analysis pro-
als: zones with a lower second critical figl.,, field- posed in Refs. 11 and 14 enables one to determine the tem-
induced granularity,oxygen vacancies changing the pinning perature and field dependences of the effective pinning bar-
efficiency at higher field8,and others being more sample rier in the sample exhibiting the fishtail effect.
specificl® One of the oldest hypotheses explaining the fish- In spite of the large amount of theories proposed until
tail maximum by matching the mean vortex lattice constanhow none of them is capable of a satisfactory description of
to the mean distance between pinning sites belongs to thall the experimental observations connected with the fishtail
family, too. phenomenon. The potential solution of the fishtail problem

Krusin-Elbaumet al® proposed a dynamic explanation has to bring into harmony the both still contradictory ap-
based on the observed enhanced creep in the vortex systgmpaches, the static and the dynamic one, each of them sup-
in the vicinity of the fishtail minimum. It attributes the mini- ported by the extensive reliable experimental material. It also
mum to a crossover between two pinning regimes, namelypeeds to explain why some samples exhibit this effect and
between the domain of single vortices and the domain obthers do not, the differences in the fishtail shapes observed
vortex bundles. The consequences of this model, whiclin different families of superconducting materidtsonven-
should be valid quite generally, contradict, however, manytional superconductorsR-Ba-Cu-O (R=rare earth, Bi-Sr-
experiments. The most striking difference is in the field de-Ca-Cu-Q, and many other questions.
pendence of the normalized logarithmic relaxation rate We believe that the “fishtail problem” cannot be re-
S(B) which in experiments does not mirror the shape of thestricted only to the “anomalous” MHL'’s but that it is a
MHL at the fishtail minimum as proposédThe low-field  general problem of the understanding of the MHL shape at
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55 FISHTAIL SHAPE IN THE MAGNETIC HYSTERESS . . . 3277
all. The preceding relaxation experiments point to the impor-
tance of the central peak region in connection with the ap-
pearance of the fishtail minimum. Therefore, we focus in this
paper on the scaling properties of the MHL and to the relax-
ation behavior at low fields around the central peak. The
analysis of the experimental data is made in intention of the
method proposed by Perkimes al 1
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II. EXPERIMENTAL PROCEDURE ™~

We used for our study DyB#u;0-_ ;s (DBCO) single 20
crystals which exhibit a pronounced fishtail effé¢t The 10F ~
experiments have been carried out on a series of six DBCO
single crystals originating from the same batch grown from
flux by the slow-cooling method identical with that used in
Ref. 15 for preparation of YB#u3;0-,_ s single crystals.
Magneto-optical observations proved that all the crystals
were naturally twin free.

Magnetic hysteresis loops recorded at a constant field '10'/\
sweep rate and time-dependent relaxations of the magnetic , , ,
moment were measured at various temperat(Bd§ =T= 0.0 0.5 1.0 1.5 20
70 K) by means of a vibrating sample magnetome&¥sM) B (T)

PAR 155 controlled by a PC 486 which was also used for the

data acquisition and processing. A magnetic field in the G 1. Full hysteresis loops of the induced magnetic moment
rangex 2 T was generated by an electromagnet with they as a function of external field B at= 3 K (no fishtai) and at
analog sweep rate control enabling a continuous smooth fielfl= 40 K, where a clear fishtail shape is developed. The sweep rate
sweep. Measurements were performed with the field oriented dB/dt= 29 mT/s.

parallel to thec axis of the samplegperpendicular geom-

etry). Before each conventional relaxati¢@R) experiment lll. EXPERIMENTAL RESULTS

the external magnetic field was increased to the target value Typ|ca| Shapes of the MHL’s observed at low and h|gh
with a constant sweep ratB/dt= 29 mT/s. temperatures are shown in Figgaland Xb). Whereas at

To avoid any field overshoot, the feedback circuit of theT= 3 K [Fig. 1 (a)] the size of the MHL(difference of the
field regulator works in the aperiOdiC regime. This leads to Q'nagnetic moments on the ascending and descending field
rather long time period between the stop of the control volt-hranchescontinuously decreases with increasing field in the
age and the real stop of the magnetic field sweep. During thighole field window, the MHL measured @t= 40 K [Fig. 1
characteristic delay timéypically 10-12 $ the rate of the (b)] shows a well-developed minimum at intermediate fields
field sweep slows down from 29 mT/s to zero. During all (the fishtail shape
measurements on our VSM we record simultaneously mag- The temperature scan of(B) determined from the
netic field, magnetic moment, time, and temperature. In th@ | 's measured at temperatures rangingnré K to 70 K
field sweep regime it enables us to eliminate the effect of thes presented in Fig. 2. Differerjt-axis formats used in Figs.
sweep rate on the shape of the MHL in most of the used fielgyg) and 2b) emphasize different features of the field and
range. In the case of conventional relaxation, the point whegemperature dependences. In Figawe can compare real
the applied field gets constant can be easily determined. Igjzes of thej (B) curves measured at different temperatures.
this paper we set into this point the origin of the time scaleThe significant feature of this plot is the rapid reduction of
t= 0, for the conventional relaxation data. The decay of thene central peakboth in height and widthwith increasing
induced magnetic momeM at a constant field was always temperature. The dotted line with the sléply,|/3 indicates
measured for the same time period of 900 s. the field of full flux penetration,Be, approximated as

All six measgrefj crystals showed qualitatively the SAMER 1 ~310M per/|xol- X0 iS the initial susceptibility mea-
magnetic behavior; therefore, only the results obtained on thgreq as a slope of the virgin magnetization curve at zero
largest one, with dimensionaxbxc=0.92<1.71x0.015 " fie|q, 4, is the permeability of a free space, aNlth, is the
mm?3, are presented in this paper. Critical temperature Waghagnetic moment on the MHL at the external field
T.= 87 K as determined from the zero-field coolitig-C) B=Bpen-
curve measured by a Quantum Design superconducting The starting slope of the virgin magnetization curve after
quantum interference devi¢&QUID) magnetometer. the zero field coolingyo=uoAM/AB is determined by the

The current densitys was calculated using the extended yolume screened by the induced surface currents in the
Bean formalism which forB||c gives j=AM/Q where sample. For long cylindrical samples with axis parallel to the
Q=a?(b—a/3)c/2 andAM is the difference between mag- external field this volume is close to the sample volume but
netic momentsM on the descending and ascending fieldfor a thin flat cylindrical sample with diametet, perpen-
branches of the MHL. For our sampl®@=8.91x10"2 dicular to field?” yo,=—d%2~—(4=/3)(d%8); i.e., the

mm?. screened volume is as large as the sphere with diameter equal
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ternal magnetic field and the reversal of the field sweep
(a) verse leg. In our sample the experimental value is

Xxo=—0.9 mn?, corresponding to the effective lateral diam-
eterdes=(2x)**=1.2 mm. It is in a good correlation with
the sample dimensions 0.82.71 mn¥.

We see that the width of the central peak of the MHL
scales well withBe,. As BpecM g (Ref. 16, it is natural
40K-70K to expect decrease of the central peak width with increasing
temperature proportional t. The logarithmic plot ofj5 in
Fig. 2(b) shows that the [j{(B)] curves are nearly equidis-
tant in a wide temperature range. It means fhatecreases
exponentially with increasing temperatui@nly above 50 K
this dependence becomes more pronouncgdnsequently,
the central peak width decreases exponentially with tempera-
ture, too.

Simultaneously with the reduction of the central peak, the
fishtail develops from a classical, monotonously decreasing
curve at low temperatures through a shallow and wide mini-
i e mum observed on MHL'’s at around 10 K up to a deep and
0.0 0.5 10 115 20 narrow minimum observed at high temperatures. The posi-
tion of the minimum shifts with raising temperature to lower
fields. We note that the fishtail dip lies consistently outside
but close to the border of the field range delimited by the
pent Bpen Values.

L = 3K For temperatures above 10 K where the fishtail peak can
\-\ be recognized and its positids, and heightj, can be di-
100k 7 10K rectly measured the experimental data of the Fig. 2 were

F Y normalized with respect to the fishtail peak coordinates

H (Bp. ip). The normalized curvegs(Bs) wherejs=js/jp,

% 40K andBg=B/B,, are plotted in Fig. &).
"= The MHL curves for low temperatures exhibiting explic-

N itly no fishtail maximum were normalized with the help of

10 the B, and j, values obtained by extrapolation from high
60K temperatureg Figs. 4a) and 4b)]. A fit of these data
showed that By(T)=2.2(1-T/TQ™¥" T and j,(T)
=1.67x 10%exp(—T/22.K) A/Im?. In Fig. 4b) the tempera-
ture dependencg(T) is compared to the temperature
70K development of the central peak height,(T). It was

LE found that j., scales with temperature agc(T)
L (b) =3.767x 10'%xp(— T/14.6<) A/m2. The preexponential co-
e S S T efficients inj,(T) andj(T) represent the values extrapo-
0.0 0.5 1.0 L5 2.0 lated to zero temperature. Addition of the normalized low-
B (T) temperature data into Fig. 3 is not important for the
presentation of the high-field range scalifvghich is better
FIG. 2. Development of the fishtail effect with raising tempera- demonstrated by the high-temperature measurementsit
ture in terms of the critical current densify=AM/(Q evaluated IS crucial for the analysis of the central peak scaling dis-
from hysteresis loops recorded with sweep mRfdt= 29 mT/s.  cussed below.
The dotted line indicates the penetration fiélgl,,, approximated The reduction of the central peak with increasing tem-
as 3uoM(T)/ xo. The scaling of the MHL shape wit,,is clearly ~ perature could imply that the shape of the high-field pinning
seen for both low temperaturda), linear scale ofjs, and high  regime could be even better documented by the experimental
temperaturegb), logarithmic scale of ;. In the latter plot the equi- data at temperatures above 70 K. However, we found that the
distant curves of(B) indicate the exponential field dependence of character of the pinning and depinning processes at tempera-
Js- tures close tdl; changes and it cannot be described consis-
tently within the approach presented in this paper. Due to the
to the diameter of the sample. In flat samples with other thawery low magnitude of the induced magnetic moment in this
circular geometnyd should be replaced by an effective mag- temperature range, there is also a high scatter in the experi-
netic diameter of the sample plane. It means thgtis a mental data recorded by the VSM.
geometrical factor, nearly temperature independertept Dynamic properties of the vortex system in different
for the temperatures in vicinity of ). Its value is also close fields and temperatures were investigated by means of the
to the differential susceptibility characterizing the magneti-conventional relaxation measurement. For the sake of com-
zation response of the sample on small variations of the exparability between individual measurements all the relax-
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peaks of MHL,j, andj,, respectively(b), and of the coefficient

(b) a in the exponential field dependence of the central peak,(Hq.
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] The strength of the relaxation is symbolized by the differ-
ence between the current density at the beginftimg lowest
point M(t~0)] and at the endthe highest poinM (t~900
s)] of each relaxation indicated in Figs(a and 5b) by
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FIG. 3. (@) Normalized critical current densitigg/ |, for differ- = -10
ent temperatures as a function of the normalized figlg=B/B,,.
The universal curve given by Ed4) with m=1 andn=0.5 is 3 ) . .
shown as a dotted lingdb) The same experimental data as(a 0.0 0.5 1.0 1.5 2.0
after subtraction of the universal cur{#he concave dotted line in B (T)

(a)]. We note the linear field dependence of the central-peak com-

ponent of the scaled current density which corresponds well to the FIG. 5. Conventional relaxatiofCR) measurements represented
dependence described by E@). by magnetic moment as a function of magnetic fisl¢B) (solid

) ) ) vertical lineg for two temperature¥= 7 K (a) and 40 K(b). All
ations were recorded for the same time of 900 s starting fronhe cR’s were recorded up te= 900 s. From the evolution of the

the moment of a real field stabilization. The results are sumgpplied field with time the starting point of each GRe lowest
marized in Fig. 5 in theM (B) representation which enables point of the solid ling was determined as the time for which the
us to compare both the relaxation rate at different fields andpplied field became constant after transitidotted ling from the
the whole relaxation process with respect to the size of th@receding constant-sweep mo@dHL). This time was set as an
magnetization loop from which all relaxations had startedorigin for analysis of the CR data.
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FIG. 6. Comparison of the field dependences
o™ of the logarithmic relaxation rate S=
o —dIn|M|/dint, slope of the MHL,d|M|/dB, and
the logarithmic susceptibilityy, =din|M|/dinB
for two temperature§ = 7 K (a) and 40 K(b).
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thick vertical line. The dotted lines connecting the individual andk is the Boltzmann constant. Following Schnaatkal 13

relaxations with the MHL correspond to the field-sweep-ang perkinst al,'***the effective activation energy o is

damping process. All the conventional relaxations were meachosen in the form

sured on the positive ascending field branch of the hysteresis .

loop (whereM is negative. . _ Is
Comparison of Figs. ® and 5b) shows that the charac- Ueff(]S’B'T)_UO(B’T)VLO(B,T)

ter of relaxation is strongly temperature dependent: In bot

indicated temperatuse7 K and 40 K, the creep rate culmi-

nates close to zero field and then decreases with increasinga characteristic parameters of the creep process.

field. At 7 K [Fig. 5@)] the decrease is slow but continuous  the empirical scaling of(B) curves presented in Fig.

upto 2 T, afT= 40 K[Fig. 5 (b)] the decrease is sharp but 5(g) implies that in the high-field region the normalized cur-
stops atB~0.3 T and then the creep rate starts to growrent densityj is a function of only the normalized field
again. . o . Bse, Js=P(Bsd; i.e., all the temperature dependence of
The relaxation process can be quantitatively characterizefl 'is included only in the temperature dependencieg -of
by the logarithmic relaxation rat€= —din(M)/dIn(t). The  zpqg B,
field dependence @& is shown in Figs. @) and Gb) for 7 K In Eq. (2) we can replaceé) 4 by kTIn(Bwd/E) [see Eq.
and 40 K, respectively. These dependences confirm the 1)} 1t is useful to expresg, and U, as products of the
laxation characteristics from Figs(ef and §b) and show temperature- and field-dependent  tefhs,jo(B,T) =
correlation between the dynamic processes in the vortex laty (T)gm and U,(B,T)=¥(T)B™". The temperature func-
tice and the shape of the MHL. This correlation was foundijons A (T) and W(T) can be determined from the fishtail
betweenS and the simple or logarithmic derivative &  ~qordinates as follow
(called the logarithmic susceptibility d|M|/dB or

: @

r\1/vhere the functional dependenceldf; on the current den-
sity is formally separated into the functidh U, andj, are

x,,=—din|M|/din(B), respectively. A(T)=\jy(E,T)B, "(E,T),
\P(T)=¢|n(de/E)TBB(E,T), 3
IV. DISCUSSION where\ and ¢ are constants. Perkiret al''* have found
A. MHL scaling for TmBa,Caz0+ single crystals tha¥«<In(jg). Taking into

. . . t the | ithmic ch ter of the functidnEqg. (2
Analysis of the scaling properties of MHL's around and account the logarithmic character of the functiénEd. (2)

) X o m B N
above the fishtail maximum presented in this paper is base?]an be rewritten ags(Bsd =ABsexi(~Ky)Bg]. Such a

on the model proposed by Perkiesal>1 This model is unction of B¢. has a form appropriate for the description of

constructed assuming only the thermally activated creep pr the experimentally found scaling. However, to fit the scaled

) . .
cess. It means that the effective electric field induced in tha2ia: this dependence has also to satisfy two boundary con-

. AT ditions atBs.=1, namely,dj,.//dB;c=0 andj,~=1. These
sample by change of the current density with time is conditions exert constraints on the constaitsand i:

N=expK/), y=kn/m. With these values thg,( B;J reads

E=Bwd exp 1)

_Ueff(jStiT)
kT '

jsc(Bst‘):B;nceXF{?(l_Bgc) . (4)

where w the microscopic attempt frequenay the effective In Ref. 11, the authors found, for TmB@u;O;, m
vortex jump distancel) o is the effective activation energy, =n=1. The function from Eq(4) with m=n=1 fits the
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B. Dynamics of the vortex lattice

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

__ B dul o
Xn™ " IM[ dB "

which means that the slope of the MHt}|M|/dB, and the
logarithmic derivativey, are equal to zero at the same val-
ues ofB (exceptB=0).

For a thermally activated vortex motion Perkiet al!
established the theoretical relation betweerQ
=dIn|M|/din(dB/dt), the logarithmic relaxation rate of the
field-sweep modéddynamic relaxation®® and the logarith-
mic susceptibility)(ln,

Q(B,E,T):’)/E(E,T)[kE(E,T)_Xln(B,E,T)], (6)

0.0 05 L0 1.5 20 25
B (T) where Ye and kE are functions of temperature and electric
sC

field E across the sample generated by the field sweep and
are relate'* to m and n as m=k_ and

FIG. 7. The logarithmic relaxation rat® as a function of the
applied fieldB (a) and the scaled fiels.=B/B,, (b) for tempera- N~ (1= /L7 In(Bwd)].
tures ranging frm 7 K to 50 K. Because the field-sweep relaxatiotiB{dt= cons} and
the conventional relaxationB(= cons} regimes are fully
- - compatiblé®?® as well as the corresponding normalized re-
scaled experimental data in FigiaBreasonably well at low X
b 9B y laxation ratesQ = dIn|M|/din(dB/dt) and S= — din|M|/din(t),

fields,Bs<1; however, in fields above the fishtail maximum . .
) ; Eq. (6) can be also used for the conventional relaxation. We
it decreases too fast compared to experimental data. To ob-

. o . . . an therefore replac® in Eq. (6) by S.
tain a better fit in the whole investigated range of fields we : :
i . . . Foll Eq.(6 lotted tal
usedn as a variablé! A good fit to our experimental data in ollowing Eq.(6) we plotted experimental values 8fas

: . ) ) . a function of —y and obtained values ok ~1.1 and
the whole investigated field range was obtained with ~0.04. A d_'” hi btained fE |
m=1.01 andn=0.5. Such a fit function is indicated in Fig. e~ -~ ccording to this, we obtained for our sample

3(a) by the dotted line. m~1.1, in good agreement with the value obtained in the
Equation(4) is an alternative to the function Preceding subsection. Determination of failed due to

js{Bs) =BP(1—Bg)? used commonly in the literatufé)r- ~ the uncertainty in the extrapolation of—y (T)

respective of the actual values of the parametensn} or =—dIn(jy)/dIn(Bp) to T=0 which was used in Ref. 11 for
(p,q), Eq. (4) fits the experimental data better, especially atestimation of INBwd).
high fields. We will look in more detail at theS(B) dependences

It is likely that both the shape of the universal curve atplotted for different temperatures in Fig@J. Scaling of the
high fields and the corresponding valuesmfand n are  experimental current densities with the fishtail peak coordi-
specific to each sample and are determined by a distributionates Bg.,js9 shown in Fig. 38 and the correlation be-
and type of the microscopic pinning sites in the sample. Bytween the logarithmic relaxation rate and the shape of the
an artificial change of the distribution and quality of the pin- MHL discussed above imply that the logarithmic relaxation
ning sites as done, e.g., by a variation of oxygen content orate should scale witB., too. A plot of S as a function of
by an irradiation of the samples, the shape of the universaghe normalized field is shown in Fig(h). All data measured
curve can be significantly modified. at temperatures 7-50 K fall onto one universal curve having

Irrespective of the actual values of andn, Eq. (4) de- its minimum (S= 0.027 at the scaled fiel;~ 0.75. This
scribes the experimentally observed form of MHL’s which isis a value close to the inflection point of the universal mag-
a result of different field dependencesjg{B) andU,(B),  netization curve. It is additional proof of the correlation be-
one increasing and the other decreasing with increasing fieldween creep processes and the shape of the hysteresis curve.
Each of these functions plays a dominant role in a different Figures %a), 6(a) and & show that at low temperatures
field range(see Fig. 7 in Ref. 11 It explains the existence of the relaxation rate decreases at high fields continually up to
the fishtail maximum and the drop ¢§B) atB<B,. The the end of our experimental field range. However, even at
temperature dependence of the depth and position of the fiskew temperatures, one would expect a high relaxation rate at
tail minimum is a result of the interplay between the high-sufficiently high fields, in the vicinity of the irreversibility
field pinning regime studied in this section and the pinningline. Figure 7b) indicates that at low temperatures the upper
regime of the central peak range which, as will be showrlimit of our experimental field range is below 0Bpwhich
below, has a quite different temperature dependence. means that our field window is too narrow to observe the
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minimum of S. We believe that at sufficiently high fields we external fields smaller or comparable to the penetration field
would obtain a turnover in theés(B) dependence above B, is related mainly to the geometrical efféctand/or
which S would grow with increasing field in similar manner self-fields!! The latter relaxation mechanism is related to the
as we observe at high temperatures. interaction of the vortices aligned with treeaxis with the

The S(B) dependence has at low fields a sharp high maxiactual microscopic pinning structur@ our sample most
mum at high temperatures which with decreasing temperaprobably a random pointlike pinning structéfeand to the
ture reduces rapidly and becomes flat. This process is wetlollective pinning processes. The distribution and quality of
recognized in Fig. @), somewhat worse in Fig.(d). Ex-  pinning sites control the pinning and the depinning processes
trapolating this process to even lower temperatures, one cand, consequently, the shape of MHL'’s at high fields. At low
expect that the low-field maximum will disappear at all andfields, in vicinity of B=0, this mechanism loses its effi-
will transform into a plateau with a characteristic low limit ciency and thg4B) dependence is governed mainly by the
value (in our sample we observe this limit to be linear dependence gfy(B) (see Sec. IV A The physical
S$~0.027)%2 reason for this may be a dilution of tizeaxis-aligned vortex

It is interesting to note that th®(B) increasing with field lattice at low fields.
is observed also in thin films and tapes where the central The idea of two overlapping contributions arising from
peak dominates the low-field range similarly as in ourdifferent pinning mechanisms points to the significance of
sample at low temperatures. the central peak in the fishtail problem: At low temperatures

The enhanced relaxation at low fields observed as a maxiwhere the central peak is high and wide, it dominates a sub-
mum on theS(B) dependence may have an origin in specificstantial part of the investigated field range. It masks there the
conditions existing in this field region. Let us assume thedrop of the “high-field” pinning mechanism at low fields
sample exposed first to the external field higher tharand no fishtail is observed. With an increasing temperature
2Byen. If the applied field is then reduced to zero, the inter-the central peak rapidly reduces both in height and width
nal field is zero at the sample edge but it is approximatelywhich enables us to trace the actual shape of the “high-
equal toB, at the centerB, is approximately the upper field” pinning mechanism up to very low fields. As this
limit of the variation of the local field inside the sample. It mechanism loses its efficiency at low fields, one can observe
implies that the local internal fiel@; in some part of the a minimum separating the central peak from the fishtail
sample can be zero only fB|<|B,. If it is the case, i.e., maximum.
if there is a part of the sample witB;= 0, vortices on To learn more about the low-field pinning mechanism, we
opposite sides of the zero-internal-field border are oriented isubtracted the universal curve given by Eg) from the
opposite directions, due to the opposite Lorentz force thegxperimental data in Fig.(8).
are attracted to each other, and finally they can annihilate at The resulting curves very rapidly die out with increasing
this borderjnsidethe sample. They do not need to go all the field. The logarithmic plot in Fig. &) manifests that all
way up to the sample edge to disappear. Such a relaxatidhese curves decay exponentially wih.. These experi-
mechanism is therefore restricted only to the range of extermental curves can be well fitted by
nal fields between-Bpe, and + B, i.€., to the region of
the central peaksee Fig. 2(a)]. At low temperatures the . .
thermal excitation is reduced leading to a Eeduction of the JsdBsd =sd 0)exp( —aBso), @)
peak in theS(B) dependence.

There are two features of our relaxation experimentsvhere a is a temperature-dependent paramdiee Fig.
which enable us to make a clear conclusién: S has a  4(c)]. As bothj., andj, are exponential functions of tem-
minimum value aB~0.73,,, not atB=B, as predicted by perature[see Fig. 4b)], js{0)=]¢p/j, depends also expo-
the matching effect hypothesis, afid) S is highest around nentially on temperature.
the inflection point of the central peak, not at the position of It should be noted that the magnitude of the central peak
the fishtail minimum as predicted in Ref. 9. These experi-is in Eq. (7) represented by the zero-field current density
mental findings excludé) the matching effect andi) the  j,{0). At very low temperaturetbelow 7 K) where the cen-
crossover between the pinning regimes of individual vorticegral peak is wide and its top is rather flat, this description
and of the vortex bundles from the potentially correct explafails at fields very close to zero. At these temperatures a
nations. better fit is therefore obtained with the valuejgf{0) some-
what higher than the experimental one.

Figure 4b) shows that the exponential decay jgf with
temperature is faster than thatjgf. In other words, as tem-

While the high-field parts of the experimentdl(B) perature raises, the central peak of the MHL loses its domi-
curves scale well with the fishtail peak characteristics, Fighant role at intermediate fields and at temperatures above
3(a) manifests clearly that the low-field partthe central =~ 40 K the fishtail peak starts to dominate. The exponential
peaks exhibit a quite different dependence on temperaturedependences of both quantities become at temperatures
Similar conclusions follow also from the scaling of the loga- above 60 K even more pronounced. It is probably due to
rithmic relaxation rateS [Fig. 3(b)]. melting of the vortex lattice.

These observations lead straightforwardly to the conclu- The temperature dependence of the paranserown in
sion that the pinning mechanism governing the low-fieldFig. 4(c) only confirms the small spread of the decay rates of
(central peakregion is quite different from that which is thejs{BsJ dependences observed in Figb3 Surprisingly,
dominant at high magnetic fields. The former one, active afor a wide range of temperatures, 20—60&Kis nearly tem-

C. Scaling of the central peak
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() The fishtail effect occurs in different samples at differ-
ent temperatures and fields: As discussed above, the fishtail
phenomenon is a result of the interplay of two different pin-
ning regimes. The separation process of both maxima in the
i«(B) dependencfghe high-field(fishtail) one and the central
(low-field) ong] with increasing temperature reflects devel-
opments of the actual shapes of the both contributions with
temperature which differ from sample to sample. For in-
stance, the reduction of the oxygen contdntngs about the
introduction of additional pinning site@xygen vacancigs
which enhance critical currents in the high-field part of the
\ | MHL and increase probably ald®.,. As a result, the whole
N 26.36 exp(-6.42 B,) (b) | high-field part expands to higher fields and the fishtail maxi-

~ : mum separates from the central peak.
(i) Position of the fishtail maximum scales with
(1-T/T) Y% which may have a link to the temperature de-
pendence of the penetration depth(T)oc(1—T/To) Y2 It
is most probable that just the changexofvith temperature
sets the effective scale on the applied field. However, even in
j;"‘\.\ 1.64 exp(-8.734B ) (c) 1 the scaled plot the fishtaininimum shifts to lower fields
%o '\"0'.5 0 s a0 with increasing temperature. No scaling law for the position
B (T) of the minimum has been yet found. The model presented

sc here gives a natural explanation to it: The fishtail minimum

shifts along the positive slope of the universal curve describ-
ing the high-field pinning mechanism in correspondence with
70 K (c). The modeled MHL was composed as a sum of the uni_the reduction of the central peak size with increasing tem-

versal curve, Eq(4) for m=1 andn=0.5 (dotted concave lie perat.ure.. The minimum results as a superposition of .tvv_o
and the central peak contribution, B@) with parameters from fig. ~contributions with different temperature dependences; it is
4 (dot-dashed convex lineFor sake of direct comparability with €asy to understand the difficulty of finding a simple analyti-

the measured current densitipsthe scaled current data obtained cal function describing the position of the minimum in such

from Egs.(4) and(7) were multiplied byj(T) (see Fig. 4. For all a case.

investigated temperatures the solid line of the modeled curve coin- (jiii) The fishtail effect is not observed at low tempera-

cides within the experimental error with the experimental data.  tures: The central peak is sufficiently wide to mask the drop

perature independent. Above 60 K the processes connect&ﬁ the h|gh-f|e[d pinning regime at f|eIQS close to zero. .
with the vortex lattice melting evidently start to play a sig- Our relaxation mgasurements confirm a close correlauor_l
nificant role. between the relaxation rate and the shape of the magnetic
To manifest an applicability of our model in a wide range hysteresis loop which has been empirically established by
of temperatures, we make an inverse procedure to the abovEaplin et al?® and Perkingt al!*** The analysis of the ex-
described separation process. We add the universal curvperimentalS(B) dependence indicates that the crossover ef-
Eq. (4), and the functional description of the central peakfect in the form defined in Ref. 9 and the matching eftect

[Eq. (7)] with parameters obtained from Fig. 4. Results ofcan be excluded from the potential explanations of the fish-
such procedures performed for 7 K, 40 K, and 70 K aregj| effect.

shown in Figs. 8)-8(c) along with the corresponding ex- : : : .
perimental data. It is evident that the same superposition ii The concept presented in this paper brings into accord

i, (108 A/m?)

i, (108 A/m2)

~.

0 =

i (108 A/m?)

S

FIG. 8. Comparison of the experimenfa(B,) data(symbols
with the modeled MHL(solid line) for T= 7 K (a), 40 K (b), and

able to model the whole process of the fishtail developmen oth the static and dynamic approaches to the problem and

starting from the classical MHL shape, with the continuouslyt e related experiments. The scenario of two independent

decreasing sizEFig. 8@], up to the MHL with a fully de- pinnir!g regimes points to the_ necessity of a_better under-
veloped fishtail shapgFig. 8(c)]. It confirms that the fishtail ~Standing of the vortex dynamics connected with the forma-
effect in samples like the ours can be understood as an ovelion of the central peak of MHL’s and of the flux motion in
lapping of two separate pinning mechanisms with differenta diluted vortex lattice. Generation of self-fields, local field
temperature dependences. These mechanisms exist mashomogeneities, bending of vortices at nonzero transversal
probably also in samples which do not explicitly exhibit the fields, surface barrier, and other effects can play a significant
fishtail “anomaly.” We believe that if we were able to sup- role here. The authors believe that this phenomenological
press the central peak in such samples, we could obserghalysis will be a challenge for theorists to build up a satis-
there a fishtail deformation of the MHL, too. factory theoretical microphysical background for the pro-
cesses connected with the vortex dynamics in the central
peak region which are most probably crucial for the fishtail
The concept outlined above gives an answer taminimum occurrence.
several fundamental features of the fishtail problem in Note addedVery recently Abulafiget al. have published
R-Ba-Cu-O(R=rare earth single crystals. a papeft’ discussing the fishtail maximum in an Y-Ba-Cu-O

D. Conclusions
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single crystal at temperaturé=85 K close toT. of this
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believe that our paper will provoke further detailed study of

material. The authors attribute the maximum to the crossovefe flux dynamics around the fishtail maximum in a wide
between the elastic and plastic vortex creep with quite conl€mperature range.

vincing arguments, giving in this way straightforward physi-
cal meaningat least in the temperature range they sjudy
the field B, used in this paper for normalization of the field
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