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Effect of nonsuperconducting secondary inclusions on the magnetization relaxation
in melt-processedRBa,Cu;0-_; (R=Nd and Yb) bulk superconductors at high temperatures
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We have studied the effect of nonsuperconducting inclusions on the magnetization relaxation in melt-
processedRBa,Cu;0;_ s (R=Nd and YBH bulk superconductor in a high-temperature region <77
<90 K). It is found that nonsuperconducting inclusions are mainly effective in reducing the normalized
relaxation rateS (=—d In M/dInt) at low fields[b;,, (=uoHa/Bj;)=<0.1] and at high fieldslf;,, =0.4). A
suppression irB is observed in an intermediate field region @4, =0.4) for the samples exhibiting sec-
ondary peak effect, suggesting a relation between the peak and the suppression.
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[. INTRODUCTION in understanding flux pinning behavior. Furthermore, since
one can see semidynamic properties of flux lines with flux
Flux creep measurements are informative for understanctreep measurements, it might be useful to study a difference
ing flux pinning behavior of irreversible type-ll supercon- in the pinning mechanism. On the other hand, nonlogarith-
ducting material$:> However, a data analysis of magnetic mic decay of] is often observed in weakly pinned materials
relaxation has several difficult problems to overcome. Firstjike Bi-Sr-Ca-Cu-O' for which the apparent current density
one cannot measure “true” critical current density.{), cannot be used either for practici! or pinning character-
which is the current density based on the critical state modakation.
without any relaxationd. is difficult to measure due to the Melt-processedRBa,Cu;O;_ 5 (R123) bulk supercon-
fact that relaxation always takes place until one reaches th@uctors have significant potential for various industrial appli-
starting point or the target fielB) and temperatureT)). In  cations, since they exhibit largé and high irreversibility
other words, when one reaches an empirical starting poinfjeld (B;,,) even at elevated temperatures. This is due to the
the critical state of the superconductor is already relaxedfact that they contain finely distribute@®,BaCuQ (or
Another important parameter of “true” pinning energy ¢) R4Ba,Cu,0;9 nonsuperconducting secondary inclusions,
is not available, because tldewindow, which can be mea- which can act as “strong” pinning centers particularly in a
sured in flux creep measurements under cond®aantd T, is  low-field region® Recently another possible “strong” pin-
too small to gather any reliable data to dedligg Maley  ning center, which is active at elevated temperatures, was
et al® have used an effective method to obtaityal rela-  found in R123. WhenR123 (R=Nd, Sm, Eu, Gilis melt
tionship in a wideJ window. However, since several data at processed in a reduced oxygen atmospheRerich
different temperatures are used to draw a singié curve, R,,,Ba,_,Cu,O;_; clusters R123ss) about 10-100 nm
fitting parameters are employed. Hence absolute values efre distributed in near stoichiometrR123 matrix, which
Jeo OF Uy cannot be obtained with this method. Here Oonegre supposed to provide additional strong pmrﬁﬁg
should bear in mind that critical current densilyis a non-  Koplischkaet al® reported that th&®123ss clusters with de-
equilibrium property of type-Il superconductors, which in- yressedr, are responsible for field-induced pinning, which
herently makes the handling df, including its technical |ga4s to the secondary peak effect or the “fishtail,” and thus
meaning, extremely difficult. J. enhancement at intermediate fields.

Dﬁsﬁilte. its intrins]ic ambiguitly, flul>_< creep measurements * |, yhq former study, we systematically studied the effect
are highly important for practical applications, since one can- e
not avoid the effect of thermal activation. Hence, instead opf nonsuperconducting N8a,C,0, (Nd422 secondary

using Jg, it is practical to use a so-called apparent currentInCIUSions onJ in Nd123 samples prepared by the oxygen-
cO B _ 7
density, which is the current density that the superconducto ontrolled melt-growthOCMG) process;” and found that

can carry without resistance after some relaxation time. Fo d422 and Nd128s can simultaneously contribute to pin-

engineering applications, it is common to employ somening_ enhancement, in thqt oyerdlis almost a simple sum-
electric-field Criterior(typically 10°6 V/m) for the determi- mation of these two contributions. Although both Nd422 and

nation of practicall, value, which is used for the design of Nd123sare strong pinning centers, the energy for a single
the superconducting magnet system. In both high andTlpw Vortex interaction can be different due to a large difference in
materials, it is known that decays logarithmically with time their size. Nd422 inclusions of 0.1-2m diameter would

if the pinning force is sufficiently high. In this case, since thehave much deeper pinning potential than weakly supercon-
time decay is logarithmic, one can easily set a practigal ducting Nd123s of 10-100 nm(whereas the density of
value with taking account of the safety margin for engineer-Nd422 is much lower than that of Nd12§. It is thus inter-

ing applications. It is also possible to use the flux creep datasting to study how Nd422 inclusions affect the relaxation
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TABLE I. The list of theR-Ba-Cu-O samples used in this study. magnetization using the extended Bean mbldslth the re-
lation J=20AM/a(1—a/3b), wherelJ is in A/m?, AM is

Te (K) d Vild the irreversible magnetization in emuimanda and b (a
Sample Vi 1-(6/5)V; >b) are cross-sectional dimensions in m perpendicular to
onset X107°® m x10° m™! the field. Magnetic relaxation was measured in a normal dc

mode by monitoring the time decay of magnetic moment.

FSC 93.8 0.00 0.0 1.00 . S
For relaxation measurements, the magnetic field was swept

MT1 945 0.19 1.9 1.0 0.77 . -
MTLF 045 018 12 15 0.78 to a sufficiently low negative value to ensure full flux pen-
MT2 9 ' 0'2 .8 : 0. 0 etration, and then set to the target value. The data were taken

45 25 L La 7 every 60 s for 50 min, which is reported to be long enough to
MT3 950 034 17 2.0 0.59 deduce flux creep propertié$.The normalized relaxation
Ybl.8 88.5 0.23 1.1 2.1 0.72 rate (S is given by

rate (S), especially when the pinning by Nd1£8is simul- S(t)=—-dIinM(t/dInt. @

taneously in function. )

In this study, we investigated the effect of Nd422 on theWe deduced a$ valuedirectly from the slope of a IN-Int
magnetization relaxation by using various Nd123 sample®lot. Here, data a>500 s were used to avoid the effect of
with different sizes and amounts of Nd422. We also meafi€ld sweep rate. ArS value calculated using the data at

sured magnetic relaxation of a melt-textured Yb123 sampl@00<t<1500 s is denoted & while that att>1500 s is
which did not exhibit “fishtail” for comparison. S, , respectively. Since the plots are almost linear in the mea-

surement time range, we regressed the slope linearly using a
least-square method. We defined0 as the time when the
Il. EXPERIMENT first data were acquired. Here, there was a certain time delay

Table | is the list of the samples studied in the presen tyelay) before starting the first data acquisition after the field

experiment. A Nd123 single crystalsample FSE was ad reached the target valuetjf,,, is large, the error is
grown with a flux method in flowing 0.1% Ar mixture (plenoted as\S) cannot be neglected. Our observation con-
gas, the details of which are described in Ref. 10. ocM@'med that thetyeay was <10 s, and hencaS caused by
processed Nd123 samples, with different sizes and amountliS delay was well below 1.2% as long as the data at
of Nd422, were prepared in flowing 0.1%,O\r mixture ~ — 900 S were used. Even =50 s, which is much
gas. HereV; andd are the volume fraction and the average!0nger than the observete,y value, AS is within 6%.
diameter of Nd422. The value & /d, which is proportional  WhenSvalues were calculated using data at1500 s,AS

to the surface area of secondary inclusions, is known as i €SS than 2.4% even i,y is of the order of 50 s.

index representing the pinning parameter in melt-processed

Y123 samples. |t is notable that\/f values are comp_arable IIl. RESULTS AND DISCUSSION
between MT1 and MT1F, while for MT1F is drastically
reduced to 1.2um. d values are similar among MT1, MT2, In the set of samples with various amounts of nonsuper-

MT3, while V; values are varied from 0.19 to 0.34. There- conducting inclusions, it is evident that cross-sectional area
fore the effect of Nd422 refinement can be studied by comof superconducting matrix decreases by adding nonsupercon-
paring between MT1 and MT1F, while that of Nd422 con- ducting inclusions. Since Nd422 inclusions are much larger
tent by MT1, MT2, and MT3. The details of sample than the size of coherence length, Nd422 addition will result
preparation for MT1, MT2, and MT3 are described in thein a depression in the apparent supercurrent even when the
Ref. 11 while that for MT1F is in the Ref. 12. Bulk Yb123 net critical current densityJqey is identical. Thus we deal
sample(sample Yb1l.8 was prepared with a conventional with J, ¢, flowing in the superconducting matrix, together
melt processing in air, the details of which are describedvith the apparent current density, taking account of a de-
elsewheré®* All the samples showed a sharp supercon-crease in the supercondcting matrix. For this purpose, we
ducting transition width<2 K, which demonstrates that the employ the bond-percolation mod@which is used to de-
sample quality is sufficiently good for fair comparison. The duce the net current in a composite material. According to
details of J-B properties and irreversibility lines for Nd- the model, current flowing in a superconductor decreases by
based samples and Yb1.8 are described in the Refs. 9 and fagctor of P=(x—x.)/(1—X.), wherex=(1—Vs) is the ratio
respectively. of superconducting phase,=2/N the critical density, ant\
Magnetization measurements were carried out using ¢e bond number. Usinhl=12 as the densest case, the ap-
Quantum Design superconducting quantum interference degarent (observed J is given by J=PJ,~{1
vice (SQUID) magnetometer(MPMS-7) with magnetic  —(6/5)V¢}Jpet-
fields applied parallel to the axis. Measurements were per-  Figure 1 shows the field dependence ofdhg.. The error
formed in a persistent current mode with a scan length of 3®ar stands for the local magnetic inductidrB, which re-
mm, which is widely used in many studig$>=*8In this  flects nonuniform distribution oB within the sample and
condition, the field inhomogeneity was less than 0.01%. Thehus is dependent on bofrand the sample size. A secondary
apparent current density was deduced from the irreversibilitpeak effect is observed in all the samples except for Yb1.8
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12 — effect, which is similar to well-oxygenated melt-processed
Y123 sample€! Koblischka et al?? suggested thaR123ss
hasT, of around 88 K, and can provide a fluctuationTip
below this temperature, based on the observation of two-step
superconducting transition in the field-cooled curve. It is thus
understandable that no peak is observed in MT1F at 90 K. It
is also reasonable that the secondary peak is not observed in

—_
o

o o)

J (x 10° A/m?)

J1{1-(6/5)V} (x 10° A/m?)
»

i~ Yb1.8 at all temperatures, since no fluctuation T is
HoH, (T) present in well-oxygenated Yb123.
4r s Typical magnetic relaxation signals for MT1F and Yb1.8
e are shown in Fig. 2. Solid symbols are the plots wigh,,
oot B E =0 s, while open symbols are fogei,=50 s. One should
~? —+-o1.8 note several features which will be the important points in
ol ) . . Yr— the following discussions. First, the magnetization signals
00 02 04 06 08 1.0 are much larger than the absolute sensitivity of the SQUID
b =uH /B (10"® emu). Smooth data means the erfor the standard
707 deviation of differential sensitivity is sufficiently small in

FIG. 1. Plots of J,e(=J/{1—(6/5V;}) versus uoH,/  comparison with the order of the decay of magnetization.
By, (=b;,) at 77 K with the applied field parallel to theaxis for ~ 1hese results provide confirmations that the signals are large
the samples studied here. Inset shdwsotted againsiH,. The ~ €nough to deduce reliab@values. Seconde sy does not
error bar stands for the field variation caused by the local magneti€ause any significant difference 8walues which were cal-
induction, which is estimated fromand the sample size. culated using the data at>1500 s. Third, an almost pure

logarithmic M-Int relation indicates that thel-J relation is
and MT1F at 90 K. FSC shows smadll; values in a low- almost linear in the experimental time window.
field region with a pronounced peak effect. By contrast, the Generally speaking, th@value is dependent on the height
sample MT3, which has the large$t and V;/d values, of the effective pinning barrier{). A difference in the re-
shows largel, . values in a low-field region, with a rather laxation behavior has well been described in terms of a cur-
smeared peak on the shoulder. The magnitude of the peak feent dependency of the pinning potenti&(J), in thatU(J)
MT?2 lies in between MT1 and MT3. MT1F shows the larg- is given by the following inverse power-law forf:
estd,o; values at all the fields, because fine Nd422 inclusions
can act as effective pinning centers in the entire field region.

Neither Yb1.8 nor MT1F at 90 K has the secondary peak UJ)=(U/u)[(Igo!I*—1], 2
- {dslay= Os
MT1F ° =508 Yb1.8
0.090
oo (@1.0T o022} (€)0.4T| FIG. 2. The magnetic relax-
X ] b teaa s dadiss S| S ed e e S ; o data used to deduce SI data used to deduce S I ation data at 77 K for MTlF da)
N ol T —— | 10T.0)20T.(30T.() 45
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e T, and for Yb1.8 ate) 0.4 T, (f)
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/
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dependence is observed. An increas&ia the most promi-
nent for FSC, whereas it is small for the samples with large
V;/d values. These results indicate that Nd422 inclusions are
effective in reducingS in low and high fields. It is evident
that the field dependence 8iis similar among the Nd-based

—+—Yb1.8

samples in spite of their large difference in the shape of
JneroHa curve. This may indicate that thigerpoH 4 curve
is not directly related to the field dependenceSof

The relation betweef and the peak effect is an interest-
ing subject. Here we will study it using the data for Yb1.8 at
77 K and MT1F at 90 K as the samples without the peak
effect. However, fair comparison is difficult sinBg,, values
differ significantly among the samples. Thus, a scaling pro-
cedure would be useful. Here, a scaling using the upper criti-
cal fieldB., would be a more common procedure. However,
- it is very difficult to deduce thdé3., value in the materials
studied here. On the other hand, it is known tBat is a
useful parameter that enables an empirical scaling in
R123816:23\which will lead to a practical comparison. Al-
though a scaling using magnetic induction that gives the
maximumJ, (so-called a peak fiel@,) is also useful for
empirical comparisorB, is known to have a close relation
1 with By, .2*# Therefore, in this study, we usdj,, for nor-

— malizing the field.
Vim Figure 3b) shows theb;,, (=uoH./Bi,;) dependence of
N with a peak S for the Nd- and Yb-based samples, to study the relation
00 0.1 oi2 0f3 oi4 ofs 0i6 betvvegnsrbi,, and a peak, by cqmparing the samples with
and without a peak id (or J,.y. It is clearly recognized that
b, = u,H/B,, samples with a peak exhibit a depressionSiat 0.1<b;,,
=<0.4, whereJ enhancement with a peak is observed. In ad-
dition, Svalue for MT1F at 0.£b;,, <0.4 is increased when
temperature is raised from 77 to 90 K, as the peak in
J-uoH, curve smears These results suggest that a reduction
in Sis closely correlated with the peak &
where Uy, is the characteristic pinning energy, the height On the other handS at b, =0.4 is not affected by the
of energy barrier al, andu the glassy exponent that reflects presence of the secondary peak effect. This shows that the
how the energy barrier grows with decreasihgHere, one  pinning mechanism causing a peakliis different from the
should note that the ratid/J, is larger at larger values df one that determineSatb;,, =0.4. It is important to note that
and the activation barried (J/J) is smaller. The current S-by,, curves for the Nd-based samples are almost identical,
dependence dBis especially important at elevated tempera-regardless of the fact th&-uoH, curves at high fields is
tures where a large relaxation Jntakes place. reduced by Nd422 addition as shown in Figa)3 This indi-

In the following, we will describe the effect of Nd422 cates a close relation betwe&uwandB;,, . The higherB;,,
inclusions on the magnetic relaxation both ®andS-J re-  values for melt-processed samples are thus linked to the sup-
lation. The S-uoH, curves for the Nd-based samples arepression inScaused by Nd422 addition.
shown in Fig. 8a), in which S, is plotted asS. Note thatAS To further confirm the effect of Nd422 inclusions &
is smaller than the size of symbol mark. In gene®&ig small  and pinning energy, we studied the current dependenéy of
and relatively field independent at low fields, however, itHere,S;(J=1J,) values were regarded &at largeJ, while
grows rapidly at higher fields. At low fields, some composi-S;(J=J,) asS at smallerJ values. The respectivé values
tional dependence is recognized altho®kialue is almost were determined ag|={J,¢(t="5008) + J,(t=1500)}/2
field independent. The inset of Fig(e® shows the relation andJ;={J,{(t=15005) + J,,o(t=300Gs)}/2. The decay of
betweenV;/d andS. In the remnant states for MT3 is the  J[=J(t=30005)/J(t=500s)] at uoH,=1, 2, and 3 T are
smallest 6=0.76x 10 2), while that for FSC is the largest found to be about 0.96, 0.92, and 0.82, respectively.
(S=3.0x107?), i.e., Sis found to be small for the sample Figure 4 shows the current dependencesdbr the Nd-
with large V;/d value. At uoH,=1.0 T, however,S for  based samples at,H,=1, 2, and 3 T, which corresponds to
FSC is the smallest§=2.0x 10" 2?) while that for MT3 is  b;,,~0.16-0.02, 0.32£0.04, and 0.48 0.06, respectively.
the largest $=2.6x102), i.e., S is the smaller for the Itis found that a refinement of Nd422 inclusioftkenoted as
sample with the largev/d value. When magnetic field ex- Sl refinement in Fig. #led to an enhancement o, at 1 T.
ceeds 1.5 TSgrows rapidly with field, in that strong sample It also affectedS-J,, relations at 2 and 3 T, i.e., feduced

- dinM / dint
o
o

(@]
a
(@]

S

L]

N
- " \
001 ® S(B=sf)

m S(B=1T) .

° vidx 10%

S=

0.05 §

1 2 3 4 5 6 7
u,H, (T)

0.15 (b) rsc
MT1

MT2

MT3
MT1F
MT1F90K
Yb1.8

o

b

o
T

+o0DON

[ without a peak

- dinM / dint

S=
o
o
G

FIG. 3. Field dependence @&, for the samples at 77 K are
plotted versus(a) applied field uoH, and (b) reduced field
b (=uoH,/B;,,). Data for MT1F at 90 K are also plotted. The
lines are guides for eyes.
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TeT7K uH 1T of a difference inS, which basically depends on the ratio of
- 003k (a) B (; o 1650.02) J/Jo, i.€., how far the system has relaxed frdgg. Within
= % L the scope of the dynamic scenario, a reductio8 fry Nd422
N — refinement may be explained in terms of a smallgr/J.o
£ 002 ;3,’ - value. However, our experimental results did not shalya
° reduction. Moreover, the Nd422 refinement led to a smé&ller
o value and an enhancement Jj.;, simultaneously. If the
0.01 b—iit P R R S T dynamic scenario is applied in E() to explain a smalleB
0.08 |-(b) T=77K, pH,=2T value, it requires either a largég, value(to obtain a smaller
€ | (b,=0.3210.04) Jnet!/Jdeo Value or a largerU, value. In the former case, a
§ 0.06 o *t% Sl refinement large J.o yalue means a larger pinning force._ In. the latter
3 Staddiion o N case, an increase i, directly means a larger pinning force.
= AL \9%\ These suggest that the differencesSmmong the samples
y 004 \;-i‘\ | are not attributed to the differences Jpe,/Joo value alone
“® [ but to the macroscopic pinning force. Therefore the effect of
0.02 —————~"d——~——At——Jl—t Nd422 refinement on th&-J relation cannot be explained
_ 0.15 —(C)g =% T=77K tH,=3T within the scope of the dynamic scenario.
£ o Q‘:‘"‘“sm"’“ (b,=0.48:0.06) It is worthwhile to note that Fig. 4 shows an anomalous
g sl add"i‘)"" Qi R S-J relation common to all the samples at 2 and 3 T in ®at
T o040 SR e o value is higher for a smalled,e, i.e., $,=5(J,)>S
o % : 3 =5(J,), which is the negativé dependence db. This con-
o o o tradiction can be understood as follows. Using thgl) re-
ool 1 v 1, ™ . " lation combined with a conventional flux creep thedyis
o 1 2 3 4 5 6 7 given by->?

J_, (x10° A/m?)

FIG. 4. Plots of§=S(J)) (filled symbolg andS;=S(J,,) (open

symbolg versusl,.;at 77 Kand a(a) 1 T, (b) 2 T, and(c) 3 Tfor ~ wheret.; is an effective attempting time for vortex motion.

the Nd-based samples. For the details of the samples, see the exere, we note whether E@4), which is the so-called loga-

perimental and Table I. The circles and arrows are guides for eyefthmic solution, is applicable or not in this study. Recently,

showing the effect of Nd42gS| refinement and additigron S. The  Burlachkov et al?® noted that, when theJ-J relation is

solid lines are .guides for eyes showing the effect of SI both on thehighly nonlinear, the logarithmic solution may show signifi-

SandS-J relation. cant deviations from the exact one, especially at short times.
However, in the present study, is found to be almost linear

S with increasing Jie;. This result is important because it fnction ofJ in the experimental window. Therefore Ed)
reveals the fact that the improvement in the pinning proper;g applicable in the present study, even based on the idea of

ties by Nd422 refinement is related to the macroscopic pingyiachkovet al. Equation(4) indicates thaS is dependent
ning force. For example, a symp&J,e) can be given as ot only onU,, but also onu, t, andtes;. When a sample is
measured under a constéBtand T, it is natural to assume
USUne =Uel 1= (Jnet/Jeo) 1, © thatU, andt.¢ are constant. This means tiais dependent
sinceS s inversely proportional to the height of the energy only on u andt. The fact thatS increases wittt thus indi-
barrier, and that a lineas-J,,., relation can be assumed from cates thatu is negativeat 2 and 3 T. Figure @ shows
the experimental result. This means eithgr, J.o, or botn  normal S-J relation at 1 T, indicatingu is positive at this
are increased by Nd422 refinement. Note that the result is ndield. On the other hand, a negati8e) dependence is found
affected even if a nonlinear dependence is assumed. Thusdt 77 K and 0.Zb;,, =0.8, which is the experimental win-
is concluded that Nd422 refinement enhances macroscopitow of the present study, for all the Nd-based samples. This
pinning force in the entire field region. Similarly, the reduc- implies thatu is negativeat 0.2<b;,, <0.8.
tion in S by Nd422 addition(denoted as Sl additionpre- Finally, we will discuss the origin of negatiye. Accord-
sented in Figs. @) and(c), indicates that Nd422 addition is ing to the collective-creegCC) modef® and vortex glass
also effective in enhancing the macroscopic pinning force irmodel®® x is expected to be positive for all the regimes,
this field region. because the model treats the vortex lattice as an elastic con-
It would be important to see whether the results can béinuum, which interacts with randomly distributed weak pin-
explained in terms of the dynamic mechan&fecause it ning centers. However, vortices will not creep collectively
has been controversial whether the difference$ itan be  when pinning is strong! Therefore magnetic relaxation may
explained by this mechanism or the macroscopic pinningiot follow the CC model and thug can be negative for
force. Basically, the dynamic mechanism assumes the “truestrongly pinned superconductors like the samples treated
(unrelaxedl critical current density which monotonously de- here. In fact, negative was also observed through transport
creases with field. An observédialue is interpreted in terms measurements in a melt-processed Y123 with a peai.

S(t)=KT/[U+ ukTIn(t/tese) ], 4
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addition, negative: is found in various superconductors in a that Nd,Ba,Cu,0;, (Nd422 inclusions are mainly effective
different temperature and field regiéh®* This suggests that in enhancingJ,o; without increasing the normalized re-
negativeu is related to the extrinsic defect structure and itsjaxation rate S(=—dInM/dInt) at low fields [b;,
interaction with vortices. As we have observed in the(=,,H,/B,,)=<0.1] and high fields §;,=0.4). In addi-
OCMG-processed Nd-based samples, the crossover in tion, Nd422 refinement enhancés,; without increasingS,
from positive to negative takes place at aroumg~0.2,  suggesting Nd422 inclusions are effective pinning centers in
where anomaloud enhancement takes place. It is thus prob-the fields studied here. A suppressionSis observed for all
able that negativew is caused by the interaction between the Nd-based samples in an intermediate-field region (0.1
vortices induced by the activation of Nd123 One scenario <b, ,<0.4) at 77 K. The suppression is not observed when
is that collective interaction between vortices is destroyed byhe peak inJ is absent, i.e., either in melt-processed

the activation of Nd128s, since the density of Nd123 is
high enough to pin all the vortices at,H,<B;,,, in that
Kim-Anderson typé (u=—1) flux motion takes place
leading to a negative value. Another scenario is that plastic

YbBa,Cuz O, _ 5 bulk superconductor at 77 K or in OCMG
processed Nd123 =90 K. This implies that the peak ih
is closely correlated with low, Nd123s, which is believed
to be the origin of the peak effect observedlat 88 K.

interaction between vortices is induced by the activation of

Nd123s The pinning energy associated with a Nd483
interaction is so small that the vortices pinned by NH®3

will be depinned leading to local deformation. It is interest-
ing that Abulafiaet al® also reported the presence of a
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