
Observation of multiple peaks in the magnetization curves of NdBa2Cu3O7 single crystals

M. R. Koblischka, A. J. J. van Dalen,* T. Higuchi, K. Sawada, S. I. Yoo, and M. Murakami
Superconductivity Research Laboratory, International Superconductivity Technology Center, 1-16-25, Shibaura, Minato-ku,

Tokyo 105, Japan
~Received 19 April 1996!

Induced current densitiesj s(T,B) were measured in a wide temperature~5 <T< 90 K! and field range
~0 <m0Ha<7 T! on single crystals of NdBa2Cu3O72d using a superconducting quantum interference device
magnetometer. The samples exhibit the fishtail or peak effect at temperatures above 30 K. In a small tempera-
ture window between 50 and 74 K, three peaks are seen in thej s(T,m0Ha) curves. The temperature and field
behavior of the induced current densities is analyzed using a model describing a magnetization curve as
composed of two independent contributions at low and high fields. By means of this analysis, it is demon-
strated that the third peak corresponds to the fishtail peak, whereas the position of the second peak is practically
independent of temperature. It is shown that the appearance of the second peak is due to the large values of the
position of the fishtail peak.@S0163-1829~96!52334-9#

The fishtail or peak effect commonly found in magnetiza-
tion curves of high-Tc superconductors as well as in conven-
tional superconductors is widely discussed in the
literature.1–6 Recently, both in melt-processed and single-
crystalline NdBa2Cu3O72d samples, a fishtail peak twice as
high as the central peak was found atT577 K.7 Moreover,
due to the presence of the peak effect, the critical current
density in the field range between 1 and 5 T is considerably
enhanced, thus making NdBa2Cu3O72d samples interesting
candidates for applications. Therefore, it is strongly required
to understand the mechanisms leading to the formation of the
fishtail peak. Many approaches described the fishtail effect as
being linked to a certain type of pinning center. However,
only a general approach can explain all features of the fishtail
effect reported in the literature, e.g., the dependence of the
fishtail minimum on the sweep rate of the applied magnetic
field6 or the fishtail in heavy-ion irradiated samples.8

In Ref. 9, it was demonstrated that the shape of a magne-
tization loop is the result of an interplay between two pin-
ning mechanisms with quite different field and temperature
dependencies. One of them is active only at low fields, thus
being responsible for the formation of the central peak in a
magnetization curve and is vanishing rapidly with increasing
field. The high-field mechanism is developing with increas-
ing field, and its maximum causes under certain conditions
the fishtail peak. Using this approach, magnetization curves
with and without the fishtail shape can be modeled. If the
central peak is wide enough~e.g., at low temperatures or in
thin-film samples!, the natural decrease of the high field
component is effectively masked. However, when the central
peak of the magnetization curve becomes sufficiently slender
and/or small~typically at elevated temperatures above 40 K
in the 123 system!, the fishtail shape may be observed. A
strong support for this scenario was found in the temperature
scaling of the position (Hp) and height (j p) of the fishtail
peak measured on a DyBa2Cu3O72d single crystal,9 where a
good scaling with the scaled field defined by
Hsc5H/(12T/T* )p was obtained using the parameters
p5 1.5 andT*'Tc . By means of this scaling, the high-field

regime can be separated from the low-field contribution
which was found to decay exponentially with raising field.

Within this framework, all features of the fishtail effect
discussed in the literature can be explained. In the present
paper, we performed such an analysis of induced current
densities, j s(T,B), measured on a NdBa2Cu3O72d single
crystal which exhibits a magnetization curve with multiple
pronounced peaks in a narrow temperature window.

The NdBa2Cu3O72d single crystals are grown by a flux
growth method in controlled oxygen atmosphere as
described in Ref. 10. The crystal is twinned, and has the
shape of a thin platelet with dimensions 0.793 0.633 0.08
mm3 with the c axis perpendicular to the sample surface.
The sample shows a sharp transition to the superconducting
state with aTc,onset of 93.8 K. The homogeneity of the
sample was tested by magneto-optical observations of the
flux distributions using an iron-garnet indicator.11 Magneti-
zation loops are measured in the temperature range 5
<T< 90 K using a Quantum Design MPMS-7 supercon-
ducting quantum interference device magnetometer equipped
with a 7 T superconducting magnet. In order to avoid field
inhomogeneities, the scan length is set to 15 mm. The mag-
netic field is applied parallel to thec axis of the sample. The
induced current densities are calculated using the extended
Bean model.

In Fig. 1, the induced current densities are shown as a
function of the applied magnetic field in a semilogarithmic
representation. In the temperature range 5<T< 30 K, the
curves show the normal shape, i.e., the curves are monotoni-
cally decreasing with increasing applied field. After passing
the central peak region~the position of the central peak will
in the following be denoted byHp0, and the corresponding
current density byj p0), j s is practically independent of field
in the measured field range. From 30 K on, a minimum in
j s(m0Ha) can be detected indicating the onset of the fishtail
behavior. However, the present sample shows another fea-
ture: At T550 K and fields above 6 T, thej s(m0Ha) curves
show a clear upwards curvature thus indicating the presence
of another peak. A further increase of temperature causes
then a fast decay ofj s(m0Ha) as in a normal case. To clarify
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this situation, we followed the scaling approach described in
Ref. 9. In a first attempt, the scaling was performed with the
parametersp51.5 andT*5Tc . This scaling is relatively
poor and works only at temperatures above 74 K. However,
it gives clear evidence that indeed the third peak in the
j s(m0Ha) curves is thetrue fishtail peak: The second peak at
position Hp1 is practically independent of temperature,
whereas the third peak~position denoted byHp2) scales as
expected from the fishtail peak.9

To optimize the scaling, thej s(m0Ha) curves were added
one after another to the scaled high-temperature curves. In
this way, field scaling factors are obtained as a function of
temperature as presented in the inset to Fig. 2. The line in-
dicates the fit usingHsc5H/(12T/T* )p with T* andp as

fit parameters. The final result of the scaling is presented in
Fig. 2, usingp51.27 andT*592.9 K.T* is within the error
margins equal to the independently determinedTc,onset. The
scaling of thej s(m0Ha) curves in the temperature range be-
tween 86 and 77 K is very good; starting from 77 K, a
deviation at fields smaller than the scaled peak field can be
found thus indicating the presence of the intermediate peak.
Following Ref. 9, the scaling part ofj s(m0Ha) corresponds
to the pure high-field pinning mechanism, which is visible at
the fishtail peak and at fields aboveHp2. The data at low
temperatures and low fields are affected by the central peak
in the magnetization being caused by a different pinning
mechanism. For the sample under study, also the presence of
the intermediate peak causes a deviation from the general
scaling.

In Fig. 3~a!, full magnetization loops atT540, 50, and 60
K are presented. Note that the peaks are present in all four
quadrants of the magnetization curve, thus indicating that the
pinning enhancement occurs independent of the direction of
the field sweep. The peak positionsHp1,2 ~decreasing field!
andHp1,2* ~increasing field! are found to be identical. Figure
3~b! shows the current densities,j s , as a function of the
applied field in the temperature window 40 –77 K. AtT5
60 K, all three peaks and the corresponding minima can be

FIG. 1. Induced current densities,j s , as function of the applied
field m0Ha . The curves are measured atT5 5, 10, 15, 20, 30, 40,
50, 60, 65, 70, 74, 77, 80, 82, 84, 86, 88, and 90 K~from top to
bottom!.

FIG. 2. The normalized induced current densitiesj s / j p2 plotted
versus the scaled field,m0Hsc. The temperatures are identical to fig.
1, except for the data atT588 and 90 K. After scaling, the fishtail
peak is found at a constant positionm0Hsc518 T. The scaling is
working well at fieldsHa>Hp2. ForHa,Hp2, the presence of the
intermediate peak~30 K<T< 74 K! and of the central peak~5 K
<T<30 K! is disturbing the scaling. The inset presents the ob-
tained field scaling factors as a function of temperature.

FIG. 3. ~a!: Magnetic moment,M , as a function of the applied
field, Ha at T540, 50 and 60 K, where the pronounced peaks can
be observed. The measurement is performed counterclockwise. The
peaks atHp1 andHp2 (Hp1* andHp2* in negative fields! are present
in all four quadrants of the magnetization curve.~b!: Induced cur-
rent densities at various temperatures as a function of the applied
field.

R6894 54M. R. KOBLISCHKA et al.



resolved in the available field range. AboveT574 K, the
two peaks merge together, and, as a result, the peak height of
the remaining peak is found to increase as compared to other
temperatures. It is important to point out that the first
anomaly appearing in the magnetization curve atT'20 K is
the intermediatepeak being visible as a shoulder to the cen-
tral peak. Below 20 K, the broad central peak is dominant.
The fishtail peak appears within the available field range
only aboveT540 K. In Fig. 4, the temperature dependence
of the peak positions,Hp1 andHp2, is presented.Hp1(T) is
practically constant atHp1'1.9 T, in stark contrast to the
behavior ofHp2(T). The peak heights,j p1 and j p2, however,
are decaying in the same way exponentially with increasing
temperature as presented in the inset to Fig. 4.

The measurements clearly confirm that the splitting of the
j s(m0Ha) curves into a low-field and a high-field pinning
regime also works in the case of NdBa2Cu3O72d single
crystals, showing the fishtail shape at different temperatures
and fields than the DyBa2Cu3O72d single crystals investi-
gated in Refs. 6 and 9. However, this method does not dis-
cuss the origin of the enhanced pinning in the high-field
range. Following Ref. 9, we may assume that all high-Tc
materials have a high-field pinning mechanism which is very
small at zero field and then raises until a maximum,j p , is
reached at the peak field,Hp , followed by a monotonous
decrease ofj s at fields aboveHp . It then depends on the
sample geometry and on the critical current density at zero
field, which influence the low-field behavior of the sample,
whether a fishtail curve is obtained or not.9

For melt-processed YBa2Cu3O72d, Y2BaCuO5 ~211! in-
clusions were proposed as a possible origin for the fishtail
effect in Ref. 5. This is certainly not a general explanation
for the fishtail effect itself. However, the peak sizej p , and
its position,Hp , reflect the underlying microscopic pinning
mechanism, so that differences between various samples can
occur. For NdBa2Cu3O72d single crystals, the position of
the fishtail peak,Hp2, is typically at fields above 5 T at 60 K,
thus enabling the observation of the intermediate peak at
Hp1,Hp2.

For NdBa2Cu3O72d, a pinning mechanism was proposed,7

which is due to a slight chemical variation of Nd and Ba
atoms thus leading to regions with differentTc . The chemi-
cal composition of the Nd-123 system can, therefore, be
written as Nd~Ba12x,Ndx!2Cu3O7. With increasing external
field, such regions may be driven normal, and can then con-
tribute to pinning. The presence of such strong, additional
pinning mechanisms can explain the large values found for
bothHp and j p .

The origin of the intermediate peak is a more complicated
problem. It is important to point out that the visibility of this
peak is strongly dependent on the position and shape of the
other two peaks in the magnetization curve. If the central
peak is very broad, the intermediate peak will be not visible
at all or only in a very narrow temperature window. Addi-
tionally, also the width and the position of the fishtail peak
are affecting the intermediate peak, which may degrade to a
small shoulder or cause a very broad fishtail peak. This be-
havior explains why in typically large melt-processed
NdBa2Cu3O72d samples no three-peak magnetization curve
is observed up to now. For most YBa2Cu3O72d single crys-
tals, the position of the fishtail peak is typically below 3 T in
the whole temperature range, thus an additional peak in the
magnetization curve would be completely suppressed.

A pinning mechanism independent of temperature is a
matching or synchronization effect of the mean vortex lattice
constant with the mean distance between microscopic pin-
ning sites.12 The largest pinning enhancement is achieved
when the sample has a periodic arrangement of pinning cen-
ters. If the array is not perfect periodic, the peak will be a
broad one due to statistical matching. If we calculate the
mean vortex density viaa052/A3AF0 /m0Hp1, we obtain
a05 3.8 3 1028 m, usingm0Hp151.9 T. The resulting
defect density would then be 6.931010 defects/cm2. A
clean proof of such a pinning mechanism could be given by
the observation of higher harmonics,12 which is, however,
impossible due to the presence of the fishtail peak. More-
over, the position of the intermediate peak,Hp1, is found to
vary between 1.9 and 3 T~i.e.,a0 is ranging between 38 and
30 nm, respectively! for various samples investigated.

Multiple peaks in magnetization curves are seen in other
high-Tc superconductors as well. Andra¨ et al.13 described
multiple peaks in TlBaCaCuO-2223 and 2212 single crys-
tals. As an explanation, the presence of various stacking se-
quences in the crystals was regarded, each characterized by a
fishtail-shaped magnetization curve with its own characteris-
tic Hp and j p . However, such a mechanism would lead to
various peaks in the magnetization curve, but eachHp
should show a similar temperature dependence. Therefore,
this cannot be the reason for the multiple peak magnetization
loops described here.

Zhukov et al.14 found a similar peak structure in an
YBa2Cu3O72d single crystal, which also showed very large
Hp2 values.m0Hp1 is ranging between 2 and 4 T, slightly
shifting with increasing temperature. Oussenaet al.15 ob-
served shoulders in the magnetization curve also at
m0Hp1'2.5 T. As a possible origin, pinning at twin bound-
aries was described. The values forHp1 found in Refs. 14
and 15 and our values would allow a matching at twin
boundaries with a typical distanced0'50 nm.16 A proof of
such mechanism is complicated as detwinning requires an

FIG. 4. The peak positions,Hp1 andHp2, as function of tem-
perature. The position of the intermediate peak,Hp1(T), is practi-
cally constant at 1.9 T, whereas the fishtail peak exhibits a large
shift with temperature. The inset presents the corresponding peak
currents,j p1 and j p2, as function of temperature. Both peak currents
depend exponentially on temperature up to 77 K.
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oxygen treatment, which in turn can influence the shape of
the central peak. The pinning effect of twins is still contro-
versially discussed in the literature;14,15,17 at low fields
magneto-optical observations of flux patterns showed that
twins ~especially boundaries between different twin direc-
tions! act as channels for the vortices thus facilitating the
flux movement. The values found forHp1(T) are all above
the corresponding full penetration field,H* (T), so that the
peak could be due to a vortex rearrangement as the geometri-
cal flux pattern is heavily disturbed by the presence of
twins.11,18 These sample-geometry imposed effects are only
observed in homogeneous, thin superconducting samples
with Ha perpendicular to the surface, and not in bulk
samples.

These observations clearly indicate that the appearance of
such an intermediate peak may be a quitecommonfeature of
thin RBa2Cu3O7 samples~R5rare earth!, requiring only a
largeHp2 and a sufficiently slender central peak to be ob-
served. Further measurements to identify the pinning centers
responsible for the formation of the intermediate peak in

NdBa2Cu3O72d, including the angular dependence of the in-
duced currents, are in progress.

In conclusion, we have shown that in
NdBa2Cu3O72d single crystals j s(m0Ha) curves showing
three pronounced peaks can be found. The scaling using
Hsc5H/(12T/T* )p demonstrates clearly that the third peak
in the j s(m0Ha) curves corresponds to the fishtail peak. The
large value found for the position of the fishtail peak enables
the observation of an intermediate peak in a narrow tempera-
ture window between 50 and 74 K. Experimental evidence is
given that this peak may be caused by a matching effect at
twin boundaries. AboveT577 K, the two peaks merge to-
gether and form one large single peak thus leading to high
critical current densities.
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