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Analysis of pinning in NdBa,Cu;0-_ 5 superconductors
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Current densitiegs and volume pinning forceB, are obtained in a wide temperature5<92 K) and
field range (G=uoH,<9 T) on different NdBgCu0,_ s samples. Above ® K a good scaling of the volume
pinning forceF, versus the reduced field=H,/H;, can be established. The scaled pinning curves are
compared to several theoretical predictions. Experimental evidence for strong pinning at extended supercon-
ducting defectg(interaction volumeV,~ £2d) is given. These defects are ascribed to spatial composition
fluctuations found in light rare-earth superconductors, providing a scatter of the transition temp€gature
Such a pinning mechanism is especially important for applications of figbuperconductors operating at
T=77 K. [S0163-18208)05129-7

. INTRODUCTION tional, hard type-Il superconductofst® For various hight,
materials, the scaling df, is found as well~*® however,
Flux pinning is one of the crucial problems in the devel- experiments have shown that the appropriate scaling field is
opment of technical higis, superconductors, especially be- the irreversibility fieldH;, instead ofH.,.*"'® In general,
cause of the high operation temperat(if& K) aimed for in  any determination of the parametarsandn from scaling
applications. The pinning properties are in general stronglyaws is more significant than that obtained only from mea-
dependent on temperature. At elevated temperatures, croggirements of the irreversibility lin€.
overs between pinning regimes, melting of the vortex lattice, !N this paper, we present an analysis of the scaled volume
etc., may occur, thus diminishing the current capacity of th?inning forces in NdBCO sampléboth a single crystal and
superconductor? To prepare a high-, superconductor suit- & Melt-processed samplebased on the description by
able for applications, melt processing has proven to be aPew—Hughe% in the temperature range from 60 to 92 K in
important step forward.More recently, the development of order to prove the pinning by composition fluctuations. This

the light rare-earth superconductors of 123 type containin aper 1S organized as.follows. In $ec. I, the_ sample prepa-
ation and some experimental details are outlined. Section IlI

Nd, Sm, Eu, Gd, instead of ¥ presented a novel ap!oroacht resents the plots of the volume pinning forces for both
the problem. These superconductors are characterized by Qmples. Several approaches to analyze the data are dis-

enhanced transition temperatdfe ranging between 92 and ¢ ,gqeq. Finally, in Sec. IV, some conclusions are drawn.
96 K and the presence of composition fluctuations through-

out the sample as the light rare-earth atoms may substitute on
the Ba site$. These composition fluctuations are technologi-

cally interesting as they may give rise to additional flux Single crystals of NdBCO were grown by a flux growth
pinning® by a scatter ofT, or k (6T, pinning*® or Ak method in controlled oxygen atmosphere as described in Ref.
pinning’ ~19. NdBa,Cu,0,_; (NdBCO) samples show a very 19. The selected crystal was densely twinned, and had the
pronounced fishtail maximum at relatively high fields asshape of a thin platelet with dimensions 00.63
compared to ordinary YB&uO,_5 (YBCO) samples!~®  x0.08 mn? with the ¢ axis perpendicular to the sample sur-
Especially the properties at elevated temperatures around 7dce. The sample showed a sharp transition to the supercon-
K are considerably improved as compared to YBCO, thuslucting state with & ; onsetOf 93.8 K. The melt processed
making NdBCO an interesting candidate for future applica-sample was prepared via the oxygen-controlled melt growth
tions. process (OCMG) described in Ref. 4. Additionally, the

A very fruitful tool to investigate the pinning properties in sample contained fine NMBa,Cu,0O;q (Nd-422 inclusions
superconductors is the determination of the volume pinningvith an average size of 1,m. Finally, this sample was cut
forcesF,=j.XB from the critical current densitief.. In  into a cubic shape with dimensions 1:92.86x0.3 mn?.
conventional superconductors, a scaling=gfwas obtained Magnetization loops were measured in the temperature
when plotting the normalized pinning forég,/F, n.cversus  range 5<T<92 K using a Quantum Design MPMS-7 super-
the reduced fieldhv=H_,/H.,, whereH., denotes the upper conducting quantum interference devi@&QUID) magneto-
critical field. This scaling impliesF,=[H,(T)]™xf(h)" meter equipped whit a 7 Tsuperconducting magnet. In order
with m andn being numerical parameters describing the acto avoid field inhomogeneities, the scan length was set to 15
tual pinning mechanisrhf(h) depends only on the reduced mm. Some additional measurements were performed using a
magnetic fieldh.®° In literature, several pinning functions PAR 155 vibrating sample magnetomet¢SM) mounted in
f(h) are described depending on the size and character of tleJANIS cryostat with a maximum field of 9 T. The mag-
defects providing the pinning based on the study of convennetic field is applied parallel to the axis of the sample. The

Il. EXPERIMENTAL PROCEDURE
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r (B) FIG. 2. Temperature dependence of the irreversibility fle|d
12 r and of the peak position of the fishtail pell; for both samples.
c}'E - of the single crystal data towards large, below 70 K
< 059 reflecting the influence of the more pronounced fishtail peak
= I H, of the single crystal. From 80 K up f6;, the values of
= 06 | H;, of the OCMG sample are slightly larger.
= L In Fig. 3, the plots of the normalized volume pinning
L force F/Fp max versus the reduced field=H,/H;,, are
0.3 shown for both samples. To determihe only the experi-
r mentally obtained data were used; the corrections necessary
0.0 I were always within the experimental error. FoK70 K, h

ture dependence AT/T*)P with T*=T, and p~1.211%°

uH, [T] In both cases, a very good scaling can be obtained. The po-
FIG. 1. Field dependence of the critical current dengitgf the — 17 I
single crystala) and the melt-processed Ndfas0,_ s sample(b), 1.0} (A)
obtained from magnetic hysteresis loops measured at vafious X - B oo
Note in (a) the presence of an additional peak=a2 T, which is 0.8} v 8 oK
independent of temperature. At 77 K, both peaks merge together. % 2 77K
€ 06} : v EEE
induced current densitigg(T,H,) were calculated usingthe |, & | 0 < ok
extended Bean model. L\LQ 0.4 A M
B U O\% —
lll. RESULTS AND DISCUSSION 02 Vi O
In Fig. 1, the field dependence of the induced current 0.0 F— —rT7 N 4
density js in both samples is shown for temperatures be- [ (B)
tween 60 and 88 K. Both samples show a very pronounced 1.0

fishtail effect, with the maxima at quite large fields as com-

pared to YBCO. In addition, in the single crystal we observe x08F iz:;,z

a second peak atoH,~2 T, being independent of tempera- € I / > | p=2

ture. At 77 K, the two peaks merge together and form one |_|_Q'0'6 i %

broad peak. The occurrence of this extra peak, which is not T~ I )

present in the OCMG sample, is discussed in more detail b 0.4 _ )

elsewheré! A comparison of the two samples shows that the 0ok

measured current densitigg are slightly larger for the 1 %

OCMG sample. oo®. o . L Rex .,
Figure 2 presents the temperature dependence of the irre- 00 02 04 06 08 1.0

versibility field H;, and of the position of the fishtail peak h

H, for both samples. The data féft;, are obtained from the

magnetization loops measured either by SQUID or VSM, FiG. 3. Plots of the scaled volume pinning forcBs/F p, max
defined as the onset of irreversibility. The valuesyf for  versus the reduced field=H,/H;, for the single crystala) and
T<70K are obtained by means of the scaling as shown behe melt-processed sampib) in the temperature range 6GKT
low in Fig. 3. The location of the irreversibility line is found =90 K. The lines are the results of EQ) with g=1 and different
to be quite similar for both samples, but there is a tendency.

was treated as a free parameter, but following the tempera-
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sition of the pealh, is determined to be 0.48ingle crystal  with a dense distribution of weak pins. Such a situation may

and 0.42(OCMG). The data were then fitted to the func- be realized, e.g., in twin-free YBCO single crystals.

tional dependence given by A fit to our data using the elastic theory and using the
descriptions given in Refs. 17,18,26 fails, mainly due to the
peak position athg=~0.5, which cannot be reproduced by

Fo/Fp.macA(h)P(1-h)9, (1) reasonable fit parameters. Due to the assumptions made,

these approaches are adapted to the Ilow peak
positiont"18:26:283t h ~ 0.2 and the large creep effects found

with A=numerical parametep and q are describing the in Bi-based high¥, materials.

actual pinning mechanism. The position of the maximum in  In contrast to this, the model of Dew-Hugfés a direct

theF, plot hy is given byp/p+q. Best fits to our data yield summation model of the elementary pinning forces. This ap-

A=20.31+3, p=2.08+0.09,q=2.35+-0.11(single crystal  proach ignores flux line elasticity, and does not contain ef-

and A=11.7-1.7, p=1.48+0.08, b=2.23+0.12 (melt- fects of flux creep. However, this model may predict many

processed sampleThe data of YBCO in the literature typi- forms of pinning functions and can describe various pinning

cally vyield p=2 and g=4, implying a peak at types. Therefore, it is ideally suited for the analysisFof

ho=0.33242122 For melt-processed YBCO with fine data for an unknown pinning mechanism.

Y,BaCu@Q (Y-211) inclusions similar values are fourd. All this leads us to employ the model of Dew-Hughes for

It is important to point out that the intermediate peak inthe following reasons(i) Our data gave a natural scaling,
thej,(H,) data of the single crystal form a small shoulder atwhich we want to analyze for the underlying pinning mecha-
h~0.18. This indicates indeed an anomalous enhancemenism. (ii) The relaxation in NdBCO does not play such an
of the pinning force, which is presumably due to a matchingimportant role as in many other highs: systems; in the peak
of the flux line lattice to the twin structuré. region flux creep is even considerably suppresééairther-

It is in general not trivial to analyze the, plots for the ~ more, flux creep effects can be incorporated in the model.
actually acting pinning mechanism. To describe the pinnindiii) There may be many different pinning mechanisms active
in high-T, materials, we can safely assume that core pinningimultaneously in high, superconductors. It is the impor-
is dominant due to the large values. This leaves two dif- tant task to find the dominating one; this dominating pinning
ferent sources of pinning; either by nonsuperconductingnechanism will in turn be responsible for the location of the
(norma) particles embedded in the superconducting matrixpeak inFy(h). The pinning functions may even be com-
leading to a scatter of the electron mean free gathpin-  bined, which can be important if, e.g., a superconducting
ning) or pinning provided by spatial variations of the Gin- pinning site is rendered normal in large applied fieldg)
zburg parameter associated with fluctuations in the transitiofhe composition fluctuations in NdBCO are strong pinning
temperaturd [5T, (Ax) pinningl.>® Pinning is different for  sites (fishtail position at large fields which cannot be de-
various sizes of pinning sites compared to the inter flux linescribed by elastic pinning theory.
spacingd=2W3(®,/B)%5 whered, denotes the flux quan- In this model, there are six different pinning functions
tum. The interaction volumé/,, of point pins is ~¢3,  f(h) describing the core pinning using EG). (1) p=0,q
whereas volume pind/,,~d3. High-T, superconductors =2: normal, volume pinning(2) p=1, q=1: A-pinning,
contain several different sources of pinning which may op-volume pins;(3) p=1/2,q=2: normal, surface ping4) p
erate simultaneously. Based on experiments controlling the=3/2,q=1: Ax-pinning, surface pins(5) p=1, q=2: nor-
oxygen content in single crystals of YBCO prepared inmal, point pins; and6) p=2, g=1: A«-pinning, point pins.
BazrO; crucibles?* we conclude that oxygen vacancies Additionally, (3) is predicted by Kramérfor shear-breaking
(cluster$ in conjunction with metal impurities are the main in the case of a set of planar pins.
pinning source in YBCO, causing the so-called fishtail shape To account for flux creep effects in the model of Dew-
of magnetization loop$ Hughes, we replacg. by an expression based on collective

Furthermore, the effects of flux creep play an importantpinning theory?” This yields
role, especially at elevated temperatures. In general, the pin-
ning analysis is only valid for th&ue critical current densi-
ties j. which is by definition not affected by flux creep, so Fp
jc<js.% For highh (i.e., close to the irreversibility line
creep effects are most important and so the deviations from
jc will be large. For example, thE, plots of Bi-based su-
perconductors show typically a peak laj=~0.25, followed with U, denoting the pinning potentialC is defined by
by a long rounded off tail towards high. Several U[j¢(T),H,]=kTC, andk is the Boltzmann constant. This
authors”'#?®discussed theiF, plots of Bi-based supercon- expression is used to fit the curves shown in Fig. 3; in the fit,
ductors within the framework of collective pinning thedry. the value for is set equal to Ifollowing functions 2, 4, and
This approach enables one to explain why the scaling fiel&), and the whole creep term is used as one fit parameter.
for high-T, superconductors isl;, instead ofH,.%’ These fits are shown in Fig(& and 3b). This confirms that

Elastic pinning theor¥ predicts that the peak ifFp(h) the high peak position found in the NdBCO samples is in-
occurs when pinning gives way to shear. This process isleed a fingerprint 06T, (Ax) pinning.
assumed to be independent of the pinning strength, which, as In Fig. 4, we present a plot of all six pinning functions
it increases, causes the peak to move to lower fields. Thitgether with the best fits to the experimental data. The com-
approach yields best results for high- superconductors position fluctuations in NdBCO are about 10 nm in siZ&!

= =Ah)P(1—h)9(1+uCKTh U Ve, (2
p, max
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' ' ' ' ' ' YBCO. If this attempt is successful, we may expect a com-
or S bination of the pinning function§3) and (2) describing the
r (1 pinning in the entire temperature range. Indeed, we see from
081 Fig. 4, thatF, is raising much faster with increasitgin the
5 melt-processed sample. The ideal situation would be the for-
go6r mation of a broad peak covering a large area ftom0.2 to
wtor 0.6. However, further work is required to optimize the Nd-
w04 422 particle size in order to achieve optimal pinning proper-
I ties.
0.2 In Ref. 6 strong evidence fail pinning was presented for
720 R fit to mp YBCO thin films. In contrast to this, several authors found
0.0F fit to sc . evidence for §T. pinning in Pr-doped YBCO and
olo : 0'2 : 0'4 : ols : ols : 1'0 (K,Ba)BiO; single crystals$® As the composition fluctuations
' ' ' h ' ' ’ in NdBCO provide variations iif;, but with the advantage

that the overalll; is not reduced as in the case of Pr doping,
FIG. 4. Pinning functionsf(h) following the description of this pinning is most effective just at elevated temperatures.

Dew-HughesRef. 9 compared to the best fits to our experimental The 6T¢ pinning is characterized by its temperature depen-

data of both samplec: single crystal, mp: OCMG melt-processed dence of the pinning potential, which is increasing with in-

samplé. For details of the pinning functions, see text. The fits arecreasingT up to T/T.<0.71® Indeed, the measured pinning
best described by functiorfg) and(4). Note that the pinning of the potentials of NdBCQORef. 12 show such a behavior.

OCMG sample is larger than in the single crystal for srhall These observations lead straightforwardly to the conclu-
sion that the ideal pinning center for high- materials at
~77 K is a superconducting one with at least a size of the

thus making them most effective at high fields. Followingorder of £2d providing a scatter ifT,. The composition

the classification given above, we are dealing with surface ofluctuations in NdBCO are optimally suited as the scatter in

volume pins causing variations of the superconducting propT. is provided avoiding the strong depressionj gby, e.g.,

erties. This implies that the pinning functiori®) and (4) Pr doping® As shown in Ref. 34, the physics of flux pinning

should be followed by our data. However, mixtures of pin-in NdBCO is strongly related to that of the Pr-doped YBCO.
ning mechanisms are possible plus that all other well-knowrsuch a pinning mechanism would especially be important for

pinning sources are also present. From the data, however, vike Bi- and Tl-based highz materials(Bi,Sr,CaCuyOg, 5

can deduct that the pinning described by functi®s(4) is  and BLSr,CaCu;0;4; ), Where strong bulk pinning van-

dominant, thus being responsible for the peak position. Aishes above 60 K and is then mainly governed by geometri-

low h, the single crystal data tend to follow functiof), but  cal barriers®® Normal conducting pinning sites will always
with increasingh function(2) is approached. The data of the cause the peak iR, at low h. However, the additional pres-
melt-processed sample are close to functi@nup to the ence of strong nonsuperconducting pinning sites within the
peak region. At largen, the influence of creep manifests samples should lead to broad peaks in Fediagrams, so
itself in a suppression of the measured but it is also very  the overallj4(T,H,) could be improved considerably.

likely that some areas of lowéi, are rendered normal by the

field, so that now pinning at normal inclusions is provided.

This would imply that functiongl) or (3) may contribute to

the pinning, thus reducing the effectivity of the dominant As a conclusion, we may state that the peak positions in

pinning described by function&) or (4). All other pinning  the F, diagram close to 0.5 are a strong indication that in-

mechanisms only give minor contributions. The pinning atdeed pinning at composition fluctuations providing a scatter

point defects yields always a wrong description of our dataof T is active in NdBCO. This additional pinning mecha-
It is important to note that in the, plots only one large nism is responsible for the position of the fishtail peak at

maximum is found, and the entifé,(h) behavior can be high h and for the large current densities at around 77 K.

described using one single pinning function. This is in starkFurthermore, the ideal pinning for highs materials operat-

contrast to conventional superconductors showing the peakg at 77 K would be a combination of a superconducting
effect as in this case the shape of fecurve is modified by  one (V= £2d) providing a scatter i, and of strong pin-

a narrow but large additional peak at highlf the pinningis  ning at normal inclusions being active mainly at low tem-

field induced, the pinning should be weak for Ibvand have  peratures.

a peak following function(2) or (4) with increasingh. The

onset of field-induced pinning should be clearly visible in the

F, plots, i.e., it is then not possible to describe the pinning

by Egs.(1) or (2) alone. Such a situation is also found for a  This work was partially supported by the New Energy and

high-T. superconductor; in Ref. 32 the pinning of an Industrial Technology Development OrganizatiddEDO)

YBa,Cu,Oq single crystal could only be described by two for the R & D of the Industrial Science and Technology

pinning functions of the same type as E#)). Frontier Program. We thank K. Sawada and H. Kojo for the

The OCMG sample contains finely dispersed inclusiongpreparation of the samples. M.K. and A.D. are grateful for
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