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Fishtail effect studied by ac susceptibility in ErBa >,Cuz0-,_s single crystal
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The second magnetization pe&&MP), also known as the fishtail effect, is studied by a scaling
procedure for ac susceptibility measurements. From this scaling law the frequency dependence of
the critical currentd(v) and the flux creep exponentcan be determined. A striking correlation
betweem and the SMP is observed, which indicates a clear change in the rate of flux creep around
the peak position. This result points to the relevance of the dynamical contribution for the peak
formation. However, we could not observe a transition between two different regimes of vortex
motion at the SMP. The dependence of the SMP with sample dimensions is also discus2éd4 ©
American Institute of Physics[DOI: 10.1063/1.1636261

I. INTRODUCTION avalanches could lead to different average relaxation rates
and thus to SMP formatiotr:'® Those flux-jump instabilities
One of the numerous properties of superconductors thaire present when the local temperature increases due to the
has its interest revived with the discovery of high-super-  energy dissipated during flux jumps. If the magnetic diffu-
conductors is the so-calldshtail effectalso known agpeak  sion time is much shorter than the thermal diffusion time, an
effect or second magnetization ped8MP), which corre-  adiabatic heating occurs locally in the sample, leading to
sponds to an anomalous increase on the witlh of the  catastrophic vortex avalanches. Once the local heating de-
magnetic hysteresis loop. Although such phenomenon wasends on sample heat exchange with the environment, which
observed in conventional superconductors several years agelepends on sample dimensions, the development of a SMP
and in highT, more recently its origin is still controversial.  will depend on sample dimensions too. Actually, this model
SinceAM is proportional to the critical current densftgev- predicts a critical dimension below which there are no more
eral authors proposed that an increase in the efficiency dfux-jump instabilities and the SMP should disappear. Fur-
pinning centers with increasing magnetic fields could lead tahermore, models that consider inhomogeneities as the key
the appearance of the second magnetization p&akhis  factor to the development of the SMP may also explain its
was emphasized by fast magnetization measurements usigize dependence. Indeed, some autfdrave explored how
pulsed field and vibrating sample magnetometerweak macroscopic inhomogeneities can affect the electro-
measuremenfSwhich revealed the SMP even at very short magnetic properties of a superconducting sample, including
time windows. Such nonmonotonic dependence of the critithe appearance of a SMP. The importance of inhomogene-
cal current with the applied field could be of great techno-ities for the development of the SMP has also been observed
logical interest, since it could be used to improve the perforexperimentally:3-1°
mance of superconducting devices. However, as pointed by In this work we present a study of the SMP using a
some other authors, it is possible that different dynamicakcaling procedure for ac susceptibility measurements, in an
processes could also lead to the appearance of the fisht&lBa,Cu;O;_ s single crystal, and explore its sample size
effect. It is well known that highF, superconductors present dependence. ac susceptibilify) is a very versatile tech-
very intense magnetic relaxatidrtherefore the occurrence nique, widely used in the study and characterization of su-
of strong vortex creep should be considered in the analysis gferconducting materiafS.Its major advantages are the ex-
magnetization data in these materials. Transitions betwegperimental simplicity, low cost, and great sensitivity.
different flux creep regimée%;'° or from elastic to plastic However, quantitative analysis of ac susceptibility data until
flow,*2introduce changes in the magnetic relaxation ratestecently have been somewhat limited and not reliable, due to
and therefore can produce hysteresis loops with widths thahe lack of a theory that considers the actual sample and field
do not decrease monotonically with an increase of the apgeometries occurring in each experiment. Only geometries
plied magnetic field. More recently, the possibility of an where demagnetizing effects could be neglected, like an in-
order-disorder transition leading to the appearance of thénite cylindef! or a slaB? in parallel applied field, were
SMP was addressed both theoretichlly and considered for a long time. This situation has been consider-
experimentally* A less explored characteristic of the SMP is ably improved after the formulation of a thedty*that gives
its dependence with sample dimensions. Besides the geomgtrecise results, including flux creep effects, for several finite
ric factors associated with demagnetization fields, sampleample geometries. An interesting result derived in these
size can eventually play a significant role in the developmentvorks is the formulation of a scaling law for ac susceptibility
of the fishtail effect. For instance, the occurrence of vortexmeasurements, relating amplitude) (and frequency(v) of
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the excitation field. This scaling law foy(h,v) has been 300 T ————T
extende@ 2" to provide information about the critical cur- $

rent density and the relaxation process directly from ac sus- 200

ceptibility measurements. In fact, it was shéwihat the

nonlinear complex susceptibility is a function of the scaling 100
variableh=hJ(v,)/J(v), whereJ is the induced current
density, andv,¢; is an arbitrary reference frequency. By mea-
suring a set ofy(h,») curves at different frequenciesand
amplitudesh, it is possible to extract the frequency depen-
dentJ(v). Thus, this simple scaling procedure could be used
to study the dynamical processes occurring in the sample, in
time windows very different from those usually accessed by

slow magnetic relaxation measurements. One major limita- B0 0 30 20 a0 0 10 20 30 40 50
tion of this approach is that it applies only for strongly non- H [kOe]

linear magnetic response, corresponding to a temperature in-

terval nearT. where intense flux motion occurs. Although  FIG. 1. Hysteresis loops fof =80 and 70 K, showing a clear SMP.
this limitation is not specially severe for high: supercon-

ductors, it presents a more serious constraint to the study of
conventional, lowT,, materials. To study the SMP using the amplitude-frequency scaling

law,?® we have plotted they(h,v) data against the scaling
variableh=h[J(500)/J(»)]. Here,J(500) is a normalizing
shielding current for the reference frequengy= 500 Hz.

The sample employed in this work was a high quality The practical fitting operation consists of finding the appro-
ErBa,Cu;0,_ 5 single crystal, having dimensions k4.3  priate multiplicative factold(500)/AJ(v) that transforms the
% 0.01 mn¥, grown by the traditional self-flux method in an horizontal scalé of each measured curyg (h,»), in order
yttria-stabilized zirconia crucible. The sample presents a suto superimpose it with the reference cury&h,500 Hz). In
perconducting transition temperatufe= 90 K. all cases the imaginary componeqt(h,v) is expected to

All ac susceptibility measurements were performed in acollapse automatically into a single universal curve for the
commercial physical properties measurement systerhest fitted factod(500)A(»), obtained from the scaling of
(PPMS made by Quantum Design Company. Several sets ofhe real part of the complex susceptibility. By this procedure
x measurements were taken as a functiorn@.1-17 Oe) the frequency dependence of the induced current density
for fixed frequencies from 10 Hz to 10 kHz. The data were J(v») can be determined and compared with available mod-
normalized such that¢(h,»)=—1 when h—0.1, corre- els. Therefore, this procedure allows the direct determination
sponding to the constant region for lower valueshdh the  of the most suitable model for the vortex dynamics, instead
x> h curves. Before taking eaghx h curve a constant mag- of assuminga priori a specific theory to model the experi-
netic field H,>H_,(T*) was applied to the sample in the mental data. More details about this procedure can be found
normal state i, is the lower critical fieldl. Following, the in Ref. 26.
sample was then cooled down to the measuring temperature Figures 3, 4, and 5 show double logarithmic plots of
T*. This procedure aimed at establishing a fully penetrated,(h,v) as a function oh for three dc fields and temperature
flux distribution in the entire sample. Thé X H loops were  of 80 K. These measurements were taken at magnetic fields
measured in a superconducting quantum interference devidslow, above and aHgyp. For the sake of brevity only
(SQUID) magnetometer MPMS-5, also made by Quantum

M [G]
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-200

Il. SAMPLE AND EXPERIMENTAL DETAILS

Design.
35 i T T 1 T T T |
I1l. RESULTS AND DISCUSSION 301 A
Figure 1 showdVl X H curves for two different tempera- 25 L .

tures, 70 and 80 K, both presenting a large SMP. The SMP
position,Hgyp, Was found to be 11 kOe 8t=70 K, and 5
kOe atT=80 K. In fact, a systematic shift of the SMP to-
wards higher fields is observed as the temperature is de-

H,,, [kOe]
b

N . 10} .
creased. As shown in Fig. ®gyp presents a linear depen-
dence with temperature, with  S=dHgyp/dT 5t 1
=—0.62 kOe/K. This slope is much smaller than most re- ol ]

ported values 0fS=7-100 kOe/K for YBCO crystal&?° YRR TR
being close to(but still smaller thap the value of S 30

=1.7 kOe/K, obtained by Kleiet al3 also for YBCO crys- TK]
tals, andS~1 kOe/K obtained by Mochida and Murakami i, 2. second magnetization peak position as a function of temperature.
for Nd123 crystals? The solid line is the best linear fitting.
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FIG. 3. Complex susceptibility as a function of the scaled amplitude, forFIG. 5. Complex susceptibility as a function of the scaled amplitude, for
H=2 kOe andT=80 K. The inset shows the frequency dependent current” =8 kOe andT=80 K. The inset shows the frequency dependent current
density obtained from the scaling procedure. The current density follows &lensity obtained from the scaling procedure. The current density follows a
power law as predicted by the collective creep/vortex glass models. power law as predicted by the collective creep/vortex glass models.

where J. is the critical current densityp=U.(T,H)/KT is
results forT=80 K are presented, since the results found fofihe creep exponent](T,H) is an activation energy is the
70 K were similar. In order to span the vertical sclleft  Bojtzmann constant, and, is a normalizing frequency in-
axis) close to 47y = —1 we have used the more convenientterpreted as an intrinsic attempt frequency of vortex
variable 4rx’+1. We found a very good collapse of all jumps323* Equation(1) was derived from a more general
curves for different frequencies in a single universal Curveexpressiond(v, T,H) = J.(T,H)g[kT In(¢/vo)/U] that incor-
for x’. The scaling of the imaginary componexitis also  porates the frequency dependence. The functisngfy}
quite good at higher amplitudes, but a deterioration of the<1 describes the effective reduction of the critical current
signal-to-noise ratio at low amplitudes is observed. density during one period of the ac field, and depends on the
The insets of Figs. 3—5 show plots of the obtained fre-regime of thermally activated flux motion. In the so-called
quency dependence for the normalized current denSi%garithmic approximatiori® U=U(T,H)In(J./J), the col-
J(»)/3(500) in the corresponding fields afid=80 K. The |ective flux creep theory prediétg{y}=exp(-y), thus lead-
solid lines represent excellent linear fits to the experimentajng to Eq.(1).
points. For all magnetic fields and temperatures tested, in- according to Eq(1) the slopes of the fitted straight lines
cluding T=70 K (not shown, J(v) followed a power law in the insets of Figs. 3-5 give ri/ The creep exponent
dependence with frequency which can be described by thgygicates the relevance of flux crepsuch that a smaller
formulef®32=2 value ofn corresponds to a higher creep rate and vice-versa.
L\ 1 Therefore, by probing the magnetic field dependence, of
‘](V,T’H):JC(T,H)(_) ’ (1)  is possible to identify changes in vortex motion for different
Yo applied magnetic fields. Once different creep rates are ob-
served foH ~H gyp and considering the relatively long mea-
suring time of the SQUID magnetometer, we could safely
conclude that a dynamical contribution to the SKRy. 1) is

0
H= 5000 Oc ' 10 present. In fact, as shown in Fig. 6, a remarkable correlation
between the SMP and the peak position of the creep expo-
110" nentn was found. For both temperatur@spresents a maxi-
mum aroundHgyp (see also Fig. )1 The solid lines were
4102 obtained from the interpolation formdfa
E H 21-112
~ {10° N(H)=1+|s3,p+52 H——l) } , 2
7 —o—5000 Hz -§§‘ SMP
e oot 110* wheresgyp= 1/(ngyp— 1) ands;=s,(T) is a fitting param-
ot eter. This behavior indicates a relevant reduction in the vor-
B —>— 100 Hz T " tices relaxation rate at magnetic fields aroutgyp. Actu-
10 10 10 ally, as shown in the inset of Fig. 6, if one plots the creep
h J(500)/J(v) [Oe] exponent normalized by its maximum value as a function of

the normalized fieldH/Hgyp the curves obtained for both

FIG. 4. Complex susceptibility as a function of the scaled amplitude, for . s . P
H=5 kOe andT=280 K. The inset shows the frequency dependent currenttemperatures basically become coincident. There is no indi

density obtained from the scaling procedure. The current density follows §Qti0n of a transition, atleMPv from a regime_ of fast relax-
power law as predicted by the collective creep/vortex glass models. ation to another one, with a smaller relaxation ft€.The
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FIG. 6. Creep exponent for both temperatures 70 and 80 K. Inset present
the normalized creep exponent in terms of the normalized field. The solid
lines correspond to the best fitting of E®).

frequency dependence dfv) as given by Eq(1) does not
change atHgyp, indicating also that the same pinning
mechanism is effective above and below the peak position
Although these results unequivocally point to a dynamical
contribution to the SMP, they do not rule out a possible en-
hancement of pinning efficiency &t~Hgyp. Such change

in the pinning strength, by applying a fieiti~Hgyp, would  FiG. 7. Pictures of the original samplp) and after it was cleavetbot-

also lead to a reduction in the magnetic relaxation rate. tom). The clear regions on top and around the sample are residues of sili-
cone grease.

IV. SIZE EFFECTS IN THE SECOND MAGNETIZATION

PEAK i . g .
mum position shifts to lower magnetic fields, following the

In order to obtain additional information about the pos-change in the second magnetization peak observed in the
sible origins of the fishtail effect, we have studied its depen-hysteresis loops, thus reinforcing the correlation between the
dence with sample size. The crystal employed in the first partreep exponent and the occurrence of the SMP. The solid
of this work was carefully cleaved in pieces of average di-lines were obtained from E@2). One can observe an overall
mensions 0.1%0.25x0.01 mn?, as shown in Fig. 7. The reduction of n after cleaving the sample, faH=Hgyp,
entire set of measurements done to the whole sample waghile for H<Hgyp it is observed a slighincreasein n val-
then repeated. ues. The maximum value for the creep exponerjyp, IS

In Fig. 8 we present the hysteresis loops, for both temsmaller for the cleaved sample, indicating that in this situa-
peratures of 70 and 80 K, obtained befdopen symbols  tion there is an increase in vortex motion aroutigye. In
and after(solid symbol$ cleaving the sample. It can be ob- fact, the creep exponent presents a weaker magnetic field
served that the SMP position shifts to lower fields in bothdependence for the cleaved sample, implying smaller
cases and the SMP is partially suppressed. This should k#hanges in the magnetic relaxation rate at different magnetic
contrasted with a previous work ohnl based superconduct- fields. Assuming that magnetic relaxation is the most impor-
ors which did not show any change in the SMP position withtant factor for the SMP appearance, smaller changes in the
sample size reduction, although the suppression of the SMéreep rate leads to less prominent SMP. Therefore, the results
was verified®® The reduction rate oHgyp with increasing  obtained forn presented in Fig. 9 are consistent with the
temperature, given byHgyp/dT, does not present any sig- reduction of the SMP observed in Fig. 8. It is interesting to
nificant change for the cleaved the sample, remaining aroundompare the increase in the creep exponent due to changes in
0.6 kOe/K. This fact seems to indicate that the mechanisntemperature and by reducing the sample dimensions. As
responsible for the SMP formation remains qualitatively theshown in Fig. 6, the influence of the increase in temperature
same after cleaving the sample. on n may be described basically as a shift in the peak posi-

Using the same scaling procedure for ac susceptibilitytion to a lower magnetic field and an overall reduction in its
measurements as done before, we found again an excellevdlues, consistent with the expected increase in the creep rate
superposition of all curves for different frequenci@sot  at higher temperatures. The measurements presented in Fig.
shown). The values obtained for the creep exponent in thed, on the other hand, were performed at the same tempera-
cleaved sample, at 80 K, are presented in Fig. 9. The maxture. Therefore, thermal activation could not be responsible
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FIG. 8. Comparison of hysteresis loops measured befmpen symbols
and after(solid symbol$ cleaving the sample, for temperatur@s 70 and
(b) 80 K.
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observe that the normalized curves change significantly with
cleaving the sampl@nset of Fig. 9, while they remain al-
most the same with the change in temperature for a given
sample(inset of Fig. 6.

These results indicate that the mechanism responsible
for the development of the SMP in this sample is sensitive to
extrinsic factors like sample dimensions. One possible expla-
nation for this dependence comes from the influence of
sample inhomogeneities that could affect its global magnetic
properties. It is knowH that the local current density in
high-temperature superconductors present significant spatial
variations over macroscopic scales-1 um—1 mm. These
perturbations come from weak inhomogeneities of the
sample, always observed even in the best crystals. One im-
portant consequence of these inhomogeneities is that the
mean current density, which is calculated by the statistical
average of the local current density, may present complex
dependencies with temperature and electric and magnetic

fields!’ In particular, a nonmonotonic dependencelofith

the magnetic field may occur, producing a SMP. Since dif-
ferent regions of the sample present different dependencies
with the local magnetic and electric fields, by cleaving the
sample it is possible to affedtand its dependence with the
local magnetic field, consequently affecting the SMP. There-
fore, the observed dependence of the SMP with sample di-
mensions may indicate that inhomogeneities could be the
cause of the appearance of the SMP in our sample.

V. CONCLUDING REMARKS

In this work we presented experimental results that sup-
port (a) a dynamical contribution to the development of the
SMP and(b) a dependence of the SMP with sample size. To

for the changes in the creep exponent observed in Fig. 9. TH&ach such conclusions we have applied an analysis based on
difference between the SMP reduction, by warming the2 scaling law for ac susceptibility measurements, which al-
sample or by cleaving it, can be emphasized by the normalowed us to directly observe the frequency dependence of
ized plots shown in the insets of Figs. 6 and 9. Here wel(¥) and obtain the vortex creep exponent The critical

30 — T T T T
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T=80K
B 0.8 4
25 gg
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1 0.4] 8
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FIG. 9. Comparison of the creep exponent values obtained bébmen
symbols and after(solid symbol$ cleaving the sample, fof =80 K. The

current presented a power law dependence with frequency at
all temperatures, applied magnetic fields, and sample dimen-
sions tested. The creep exponent presented a maximum at
Hgwp, following the SMP shift with changes in temperature
or sample size. Although our results point to the relevance of
dynamical effects in the development of the fishtail effect,
we did not observe a clear transition in vortex dynamics at
Hsup. Which could correspond to two different regimes, one
above and another below the peak position. Instead, we con-
cluded that the appearance of the SMP in our sample is in-
trinsically related with the presence of weak inhomogeneities
in our Er-123 crystal. Such inhomogeneities affect the mean
current density] within the sample, making possible its non-
monotonic dependence with the local magnetic field, which
can cause the appearance of the SMP.
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