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Observation of multiple peaks in the magnetization curves of NdBgCu;0- single crystals
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Induced current densitigg(T,B) were measured in a wide temperatfe<T< 90 K) and field range
(0 =<pgH,<7 T) on single crystals of NdB&Cu;0-_ s 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 ijtfieuoH,) 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.S0163-18206)52334-9

The fishtail or peak effect commonly found in magnetiza-regime can be separated from the low-field contribution
tion curves of hight, superconductors as well as in conven-which was found to decay exponentially with raising field.
tional superconductors is widely discussed in the Within this framework, all features of the fishtail effect
literature!® Recently, both in melt-processed and single-discussed in the literature can be explained. In the present
crystalline NdBaCuO,_ 5 samples, a fishtail peak twice as paper, we performed such an analysis of induced current
high as the central peak was foundTat 77 K.” Moreover, ~ densities,j{(T,B), measured on a NdB@uO;_; single
due to the presence of the peak effect, the critical currerg'ystal which exhibﬁts a magnetization curve yvith multiple
density in the field range between 1da8 T isconsiderably ~Pronounced peaks in a narrow temperature window.
enhanced, thus making NdB@usO,_ 5 samples interesting 1€ NdBaCW0,_; single crystals are grown by a flux
candidates for applications. Therefore, it is strongly required©Wth method in ~controlled ~oxygen atmosphere - as

. : : escribed in Ref. 10. The crystal is twinned, and has the
t_o un(_jerstand the mechanisms Ieadln_g to the f(_)rma_tlon of thghape of a thin platelet with dimensions 0.790.63 X 0.08
fishtail peak. Many approaches described the fishtail effectas "5~ * : .
with the ¢ axis perpendicular to the sample surface.

N . o mm
being linked to a certain type of pinning center. Howgver,_ he sample shows a sharp transition to the superconducting
only a general approach can explain all features of the fishta

Hoct ted in the literat the d d f1h tate with aT, gneet Of 93.8 K. The homogeneity of the
efiect reported in the fiterature, €.g., the dependence o .?ample was tested by magneto-optical observations of the
fishtail minimum on the sweep rate of the applied magneti

e ) - =M ' Gux distributions using an iron-garnet indicatdrMagneti-

field® or the f_|shta|l in heavy-ion irradiated sampfes. zation loops are measured in the temperature range 5
In Ref. 9, it was demonstrated that the shape of a magne=t< 9o k using a Quantum Design MPMS-7 supercon-
tization loop is the result of an interplay between two pin-qycting quantum interference device magnetometer equipped
ning mechanisms with quite different field and temperatureith a 7 T superconducting magnet. In order to avoid field
dependencies. One of them is active only at low fields, thusnhomogeneities, the scan length is set to 15 mm. The mag-
being responsible for the formation of the central peak in aetic field is applied parallel to theaxis of the sample. The
magnetization curve and is vanishing rapidly with increasingnduced current densities are calculated using the extended
field. The high-field mechanism is developing with increas-Bean model.

ing field, and its maximum causes under certain conditions In Fig. 1, the induced current densities are shown as a
the fishtail peak. Using this approach, magnetization curvefunction of the applied magnetic field in a semilogarithmic
with and without the fishtail shape can be modeled. If therepresentation. In the temperature rangeb=< 30 K, the
central peak is wide enoudle.g., at low temperatures or in curves show the normal shape, i.e., the curves are monotoni-
thin-film sampley the natural decrease of the high field cally decreasing with increasing applied field. After passing
component is effectively masked. However, when the centrahe central peak regiofthe position of the central peak will
peak of the magnetization curve becomes sufficiently slenden the following be denoted by ,, and the corresponding
and/or smalltypically at elevated temperatures above 40 Kcurrent density by o), js is practically independent of field

in the 123 system the fishtail shape may be observed. Ain the measured field range. From 30 K on, a minimum in
strong support for this scenario was found in the temperaturg,(woH,) can be detected indicating the onset of the fishtail
scaling of the positionH,) and height {,) of the fishtail ~behavior. However, the present sample shows another fea-
peak measured on a DyRau,O,_ 5 single crystaP where a  ture: At T=50 K and fields above 6 T, thig(uoH,) curves
good scaling with the scaled field defined by show a clear upwards curvature thus indicating the presence
H=H/(1-T/T*)? was obtained using the parametersof another peak. A further increase of temperature causes
p= 1.5 andT*~T,. By means of this scaling, the high-field then a fast decay gk(uqH,) as in a normal case. To clarify
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FIG. 1. Induced current densitigfs,, as function of the applied
field ugH,. The curves are measuredTat 5, 10, 15, 20, 30, 40,
50, 60, 65, 70, 74, 77, 80, 82, 84, 86, 88, and 9@ftdm top to
bottom).

this situation, we followed the scaling approach described in
Ref. 9. In a first attempt, the scaling was performed with the
parametergp=1.5 andT*=T.. 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
js(moH,) curves is thdrue fishtail peak: The second peak at
position Hy, is practically independent of temperature,
whereas the third peafposition denoted by ,) scales as
expected from the fishtail pedk.
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FIG. 3. (a): Magnetic momentM, as a function of the applied

one after another to the scaled high-temperature curves. Il?P observed. The measurement is performed counterclockwise. The
this way, field scaling factors are obtained as a function oP€aks aHp andHp, (Hg, andHg, in negative fieldsare present
temperature as presented in the inset to Fig. 2. The line in? &!l four quadrants of the magnetization curv): Induced cur-

dicates the fit usingd,=H/(1—T/T*)P with T* andp as

30—

FIG. 2. The normalized induced current densifig4 ,, plotted
versus the scaled fielgyoH.. The temperatures are identical to fig.
1, except for the data a&t=88 and 90 K. After scaling, the fishtail
peak is found at a constant positigigyH;.=18 T. The scaling is
working well at fieldsH,=H,. For H,<H,, the presence of the
intermediate peak30 K<T=< 74 K) and of the central peats K
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rent densities at various temperatures as a function of the applied
field.

fit parameters. The final result of the scaling is presented in
Fig. 2, usingp=1.27 andT* =92.9 K.T* is within the error
margins equal to the independently determifigd,se The
scaling of thej(ugH,) 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 ¢gf(uqH,) corresponds
to the pure high-field pinning mechanism, which is visible at
the fishtail peak and at fields abo¥,,. 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 ak =40, 50, and 60
K are presented. Note that the peaks are present in all four
guadrants of the magnetization curve, thus indicating that the
pinning enhancement occurs independent of the direction of
the field sweep. The peak positiohl,; , (decreasing field
andHg, , (increasing fielglare found to be identical. Figure
3(b) shows the current densitieg,, as a function of the

<T=30 K) is disturbing the scaling. The inset presents the ob-applied field in the temperature window 40 —-77 K. At
tained field scaling factors as a function of temperature.

60 K, all three peaks and the corresponding minima can be
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— — — For NdBgCu,0;_ 5, a pinning mechanism was proposed,
which is due to a slight chemical variation of Nd and Ba
atoms thus leading to regions with differeit. The chemi-

p2 X Eb% ] cal composition of the Nd-123 system can, therefore, be
., 6r 1 E"JD ] written as NdBa, _,,Nd,),Cu;0;. With increasing external
el o ] field, such regions may be driven normal, and can then con-
I

=)

p1

I x|
.
.

4l 40 TG[(I’(] 8 tribute to pinning. The presence of such strong, additional
pinning mechanisms can explain the large values found for
a T bothH, andj,.
The origin of the intermediate peak is a more complicated
b On | problem. It is important to point out that the visibility of this
Bog 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
T [K] at all or only in a very narrow temperature window. Addi-
tionally, also the width and the position of the fishtail peak
FIG. 4. The peak positiondd,; andHp,, as function of tem-  are affecting the intermediate peak, which may degrade to a
perature. The position of the intermediate peldk;(T), is practi-  small shoulder or cause a very broad fishtail peak. This be-
cally constant at 1.9 T, whereas the fishtail peak exhibits a largéavior explains why in typically large melt-processed
shift with temperature. The inset presents the corresponding peakdBa,Cu;,O;_ s samples no three-peak magnetization curve
currentsj,; andj, as function of temperature. Both peak currentsis observed up to now. For most YR21,0,_ 5 single crys-
depend exponentially on temperature up to 77 K. tals, the position of the fishtail peak is typically b&l@ T in
the whole temperature range, thus an additional peak in the

resolved in the available field range. AboVe=74 K, the L
two peaks merge together, and, as a result, the peak height gagnetization curve WOUlO.I be completely suppressed. .

the remaining peak is found to increase as compared to other A PiNNing mechanism independent of temperature is a
temperatures. It is important to point out that the firstmatching or synchronlzauqn effect of the mean vortex I.attlc_e
anomaly appearing in the magnetization curvdat20 K is ~ constant V\gth the mean d!ste}nce between microscopic pin-
the intermediatepeak being visible as a shoulder to the cen-Ning sites:* The largest pinning enhancement is achieved
tral peak. Below 20 K, the broad central peak is dominantwhen the sample has a periodic arrangement of pinning cen-
The fishtail peak appears within the available field rangeters. If the array is not perfect periodic, the peak will be a
only aboveT=40 K. In Fig. 4, the temperature dependencebroad one due to statistical matching. If we calculate the
of the peak positiongi;; andH ,, is presentedH ,,(T) is  mean vortex density via0=2/\/§\/¢>0/M0Hp1, we obtain
practically constant aH,;~1.9 T, in stark contrast to the a;= 3.8 X 1078 m, using moHp1=1.9 T. The resulting
behavior ofH ,,(T). The peak heightg,,; andj,, however, defect density would then be 6x9L0%° defects/cmd. A

are decaying in the same way exponentially with increasinglean proof of such a pinning mechanism could be given by
temperature as presented in the inset to Fig. 4. the observation of higher harmonitfswhich is, however,

The measurements clearly confirm that the splitting of thampossible due to the presence of the fishtail peak. More-
js(moH4a) curves into a low-field and a high-field pinning over, the position of the intermediate pe&k;,, is found to
regime also works in the case of NdfaLO,_; single vary between 1.9 and 3 {.e., a, is ranging between 38 and
crystals, showing the fishtail shape at different temperature30 nm, respectivelyfor various samples investigated.
and fields than the DyB&u;O;_ s single crystals investi- Multiple peaks in magnetization curves are seen in other
gated in Refs. 6 and 9. However, this method does not dishigh-T, superconductors as well. Andet al® described
cuss the origin of the enhanced pinning in the high-fieldmultiple peaks in TIBaCaCuO-2223 and 2212 single crys-
range. Following Ref. 9, we may assume that all high- tals. As an explanation, the presence of various stacking se-
materials have a high-field pinning mechanism which is veryguences in the crystals was regarded, each characterized by a
small at zero field and then raises until a maximyg, is  fishtail-shaped magnetization curve with its own characteris-
reached at the peak fielti,, followed by a monotonous tic H, andj,. However, such a mechanism would lead to
decrease of at fields aboveH,. It then depends on the various peaks in the magnetization curve, but e
sample geometry and on the critical current density at zerghould show a similar temperature dependence. Therefore,
field, which influence the low-field behavior of the sample, this cannot be the reason for the multiple peak magnetization
whether a fishtail curve is obtained or rot. loops described here.

For melt-processed YB&u;0,_ ;5 Y,BaCuQ (211 in- Zhukov et al!* found a similar peak structure in an
clusions were proposed as a possible origin for the fishtai¥Ba,Cu;O,_ s single crystal, which also showed very large
effect in Ref. 5. This is certainly not a general explanationH, values.uoH,; is ranging between 2 and 4 T, slightly
for the fishtail effect itself. However, the peak sigg and  shifting with increasing temperature. Oussestzal 1° ob-
its position,H,, reflect the underlying microscopic pinning served shoulders in the magnetization curve also at
mechanism, so that differences between various samples canpH;~2.5 T. As a possible origin, pinning at twin bound-
occur. For NdBgCuw,O;_ 5 single crystals, the position of aries was described. The values fdp; found in Refs. 14
the fishtail peaktH ,,, is typically at fields abo 5 T at 60 K, and 15 and our values would allow a matching at twin
thus enabling the observation of the intermediate peak aioundaries with a typical distan@g~50 nm® A proof of
Hp1<Hpa. such mechanism is complicated as detwinning requires an
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oxygen treatment, which in turn can influence the shape oNdBaCu;O;_ s, including the angular dependence of the in-
the central peak. The pinning effect of twins is still contro- duced currents, are in progress.

versially discussed in the literatuté!®!” at low fields In  conclusion, we have shown that in
magneto-optical observations of flux patterns showed thatidBa,Cu,0,_ 5 single crystalsj(uoH,) curves showing
twins (eSpeCially boundaries between different twin direC-three pronounced peaks can be found. The Sca"ng using
tions) act as channels for the vortices thus facilitating theHsc=H/(1—T/T*)p demonstrates clearly that the third peak
flux movement. The values found fét,;(T) are all above i thej (uH,) curves corresponds to the fishtail peak. The
the corresponding full penetration field* (T), so that the 5,6 value found for the position of the fishtail peak enables
peak could be due to a vortex rearrangement as the geomelfle oservation of an intermediate peak in a narrow tempera-
cal flux pattern is heavily disturbed by the presence Ofture window between 50 and 74 K. Experimental evidence is
twins."** These sample-geometry imposed effects are onl iven that this peak may be caused by a matching effect at
observed in homogeneous, thin superconducting sampl Rin boundaries. Abovd =77 K, the two peaks merge to-

with H, perpendicular to the surface, and not in bulk gether and form one large single peak thus leading to high

samples, critical current densities
These observations clearly indicate that the appearance St '
such an intermediate peak may be a quitenmorfeature of This work was partially supported by New Energy and

thin RBa,Cuz0-, samples(R=rare earth, requiring only a Industrial Technology Development OrganizatiddEDO)
large H,, and a sufficiently slender central peak to be ob-for the R & D of Industrial Science and Technology Frontier
served. Further measurements to identify the pinning cente®®rogram. M.K. and A.D. are grateful for support from Japa-
responsible for the formation of the intermediate peak innese Science and Technology Ager&fA).
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