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The shape of the magnetic hysteresis curve, “MHL,” in bulk strongly ddpBe,Cu;O;_s materials is
analyzed and its correlation with relaxation characteristics is verified. It is shown that field and temperature
dependencies of logarithmic relaxation rafesdIn J/d In dB/dt, can be obtained frord(B) andJ(T) data(J
is the supercurrent density associated with total magnetic momanthe case of the MHL with two well-
distinguished peaks, the two additive contributionsltare correlated with corresponding relaxation charac-
teristics, which are given analytically. PlateauQ(T) dependence in such materials is shown to originate from
scanning the specific shape of MHL at a fixed field. FrQd) plot pinning energy characteristics at low and
intermediate fields are deduced.
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[. INTRODUCTION magnetization in bulk RE-123 samples with strong point-like
pinning disorder. New consequences of this relationship shed
In high-T, materials, the induced magnetizatidvl, and  light on typical shapes of experimentally observed field and
the associated current densiy, J, are strongly temperature dependencies of the normalized relaxation rate.
time-dependent:® Although the relaxation effects are much
more pronounced than in conventional superconductors, they
can be described by a classical theory extended for a nonlin-

ear dependence of pinning barrier on supercurread). In As our study deals with relaxation effects during magne-
this way, we can utilize relaxation characteristics for thetization processes, it is useful to recall some basic relation-
study of material parameters and deduce properties of thehips between relaxation and pinning characteristics. Starting
particular pinning mechanisms or the associated pinning mé&rom the expression for activation energylJ(J)
dia. _ =—kT[In|dJ/dt|-C,], derived by Maleyet al® and using the

In untwinned bulkRBa,C;0;_; (R=rare earth, RE-123  proportionality dJ/dtedM/dtecdB/dt associated with mag-
samples witHfishtail or second pealeffect, an enhancement npetic field sweep (Been model we arrive at U(J)
of irreversible magnetic moment or associated supercurrent _cT{|n|dB/ dt| - C,], which is a modification of the Maley’s
at intermediate and high fields is usually the most significanyrmula for “dynamic” relaxation experiments? By differ-

feature of magnetic hysteresis logpHL). This peak has entiating this formula with respect to I we get?18
been assigned to vortex pinning on a random distribution of

point-like defects or nanometer scale clusters. Such disorder (B, T,J)\*

can arise from oxygen deficiengy? fluctuation of chemical QB.T.J)=- kT( JInJ )

composition due to solid solution of light rare earth elements

with Ba (Refs. 9 and 1por any other fluctuation of super- ~ Obviously, for the logarithmic pinning barrietJ(J)

conductor properties on nanometer scale. =Uo(B, TIn(Jp/J), whereU, and J, are material character-
The second peak develops a characteristic scaling théstics, Eq.(1) simplifies to

was extensively studied by Perkies$ al. and put into the _

basis of their phenomenological mod&lOne of the central Q(B.T) =KT/Uo(B,T). (2)

results of this model was the relationship between relaxatioMote that the logarithmic pinning barrier has been found

phenomena represented by the “dynamic” normalized relaxmany times to be consistent with pinning on a point-like

ation rate, Q=dIn J/dIn(dB/dt), and shape of MHL in disordert!1219203ss0ciated with the second peak effect.

terms of the logarithmic derivativd In J/d In B. Based on

this model, a novel analytical formula was later derivéd,

successfully modeling shape of the second peak in a broad A. Second peak of MHL

range of material$?-1° The relationship between MHL shape and relaxation de-
The aim of this paper is to present new features of theluced by Perkinst al. from the experimentally observed

relationship between relaxation phenomena and irreversiblscaling of the second peak witklectric fieldreads*

Il. EMPIRICAL MODEL

(1)
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Q(B) = yelke = xin(B) ], (3

where y,=dIn J/dIn B is the logarithmic derivative of the
MHL, and yg, kg are parameters independent of field and
only slightly temperature dependent. Typical values of these
parameters in bulk RE-123 materials ayg=~0.02—-0.09
(Refs. 11-14 and 21and ke=111-131522 0.06-
The model function describing shape of the MHL with

U /k (10°K)

0.04-
second peak 18 ;
0.021
J(B) = JmaxB/Bmax exd(l - (B/Bmax)n)/n]v (4) 0.00
where By, and J,,ay are coordinates of the second peak 091
maximum. Note that contrary to the original Perkins’ _ 0.6
modell2%22we considetU,=B™ and, thereforen is here o 03
positive Most of the experimentally determined valuesnof )
fall between 1 and 811-131520.22,23 0.0 . . : :
It is easy to show thad(B) from Eq. (4) has just one 00 02 04 06 08 10

inflexion point at

— FIG. 1. Theoretical temperature dependencie@pl,, (b) Q,,
Bin = BmadIn+ 1. ©) and(c) Q, calculated according to Eqg9), (8), and(12), respec-
Combining this result with logarithmic derivative of Eg), ~ 1Vely: Yo and Q, were determined fon=1, 2, and 3.Bna(T)
xin(B)=1-(B/B,,0" we get =12(1-T/91)°° was deduced from experiment on melt-textured
NEG-123(see the teyt Q;(T) is shown for three indicated values
N=— xin(Binr)- (6) of BR The vertical dash lines iia) indicate the region within

which comparison with experiment of Ref. 22 is possible.
This means that the constamin Eq. (4) represents the high-

est logarithmic slope of the high-field §hou|der_ of the sec- Figures 1a) and ib) displayU,/k andQ as a function of
ondary peak. Thus, the second peak is described by thregmperature according to Eq@) and (8), respectively, for
parameters directly accessible from experimental data. n=1,2, and 3, anB=1 T. B,(T)=121-T/91)°° was de-
A simple calculation shows that duced from the experiment on NEG-123 sample “$dée
) —alp - _ below). Note that the characteristic temperatdig=91 K,
IBint)/Brmar) = € Bini/ B = 0-36Byn/Bna: - (7) relating to the behavior of second peak, is close to but not
This relationship is independent of material parameters andecessarily identical witf.. A similar B,,,(T) dependence
implies that the shape of the second peak is a universal curveas also been observed elsew@.Comparing Fig. (a)
(as long as the simple MHL scaling with temperature utilizedwith the experiments on Tm-123 single crystalFig. 7(b)],
in the Perkins’ model holds we see a qualitative resemblance of the curves with the
Equation(7) is useful for determination af from experi-  present theoretical curve far=3, which contradictsi=1
ment. Instead of thé(B) curve derivative, the inflexion point estimated by the comprehensive analysis in Ref. 22. Equa-
can be estimated to a reasonable accuracy as the intersectibon (9) indicates that the main reason for the discrepancy
with the line running from(0,0) with the slopee ™,/ Bmax might be a difference iB,,,(T) courses. Comparison of
Then, with the knowrB, it is easy to determine the tangent B,,,(T)=12(1-T/91)%° with Fig. 5b) in Ref. 22 shows that
n=-dInJ/3InBlg _. this is really the case. In the intermediate temperature range,
From Egs.(4) and(3) we get 0.2-0.8T,, Uy(T) is given by the interplay of the linearTk
term and B,,,.,(T)]". Thus, the actual form dfJ(T) strongly
(8) depends on the material characteristics, especiallgnd

o)
Brad(T)/ Brax(T)-

a monotonously increasing function of field. Equati)
indicates thatye=Q(Bna0- AS ve IS nearly temperature
independent!?? Q at the top of the second peak is practi-  Neither Eq.(4) nor Eq.(8) correctly describe the experi-
cally independent of temperature, too. mentally observed MHL shape at low fields. This is because
Equation(8) is a consequence of the second peak scalingthe central peak in the low-field region exhibits another type
it shows thatQ does not change with temperature for any of scaling2>-?"than the second peak and until now has been

Q(B!T) =YE

B. Central peak

normalized fieldB/Byay omitted in our analysigas well as in most published treat-
From Eq.(2) we get the field and temperature dependenimenty. In RE-123 single crystals without secondary phase
Uy at high fields in the form precipitates, self-field effects, reflecting demagnetization,
. govern the low-field range of MHLL?8 In RE-123 melt-
Uo(B,T) = k_T< B ) _ (9) textured compounds, pinning by “large” normal particles sig-
' Ye \ BraxT) nificantly contribute€>-2” The low-field contribution to the
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total magnetic momer(current densitycan be described by rectly determined from experiment. As the first term in Eq.
an exponentially decaying functidf® (13) decays rather fast, its contribution foat aroundB;
_ (the high-field inflexion pointis usually negligible. There-

J(B) = Jog exp~ B/B,), (10 fore, n can be determined according to E§) as described
whereB, is a characteristic field and), is the magnitude of above. Thu3, remains the only adjustable parameter. With
the central peak. the B_value obtained from MHL fit, the average value Rf

For pinning by “large” normal particle, =®,/(27éR),  can be estimated &=d,/(27E(T)B).
whereR is the mean radius of the secondary phase particles, With help of Eq.(13) one can decompose the experimen-
®, is magnetic flux quantun¥ is coherence lengti. Thus, tal J(B) dependence into two termdy(B) andJ,(B), and get
the exponential decay rate can be quite precisely estimatdaktter insight into the efficiency of the underlying pinning
provided we knowR from a structural analysis and checked mechanisms in different fields.
by fit of experimental data. Having two full MHLs measured with different field
Combining formally Egs(10) and (3), we get that the sweep rates, one can decompose each of them and calculate
relaxation rate corresponding to pinning by “large” normalthe “experimental” relaxation rates separately for the pinning
particles increases linearly with field as mechanisms associated with the central and second peak,
_ Qi(B)=AInJy(B)/AIn(dB/dt) and Qu(B)=AInJ,B)/

QB) = ryelke + B/B). N In(dB/dt), respectively.
We note that the use of EB) in the low field range is not By differentiating Eq.(13) with respect to I(dB/dt), we
exact as the scaling properties put into basis of the model arget
different!>2° Thus, at leastyz and kg require a generaliza-

tion. This _point_ will be discusst_ad below. Bearing the same Q:Qlﬂ +Q2£_ (14
comment in mind, we can derive temperature dependence, J J
QM. By substituting forQ,; and Eq. (14) reads
Temperature enters Eq(11) through By (T)x=1/&(T) y g forQ, andQz. Eq.(14) )
x\1-t%, wheret=T/T.3° Thus Q(T) acquires the explicit Q(B) = ﬁ{(1+B/BL)J1(B) +( B ) Jz(B)}- (15)
form J(B) max
Q(T) = ye[ke + V(1 -12)], (12) Except foryg, which needs to be estimated by an indepen-

. dent relaxation experiment &,,,, all other parameters,

where 7=2m¢(0)BR/ @, is independent of temperatutd) g B andn are accessible from the MHL analysis. Ag
is the coherence length @t=0, andB is the constant mag- s nearly temperature independent, only one relaxation ex-
netic field fixed during temperature  sweep. Witi0)  periment is needed for all temperatures. With know
~1.5 nm, 7 is approximately 4BRT™= um™. ' Q(B) can be in the whole experimental field range deduced

As we have now two sets dfandQ, associated with the  from the shape of corresponding magnetic hysteresis loop.
central and second peak contributions, for sake of clarity, we pye to the central peak contribution, two additional in-
will further distinguish them by subscripts “1” and “2,” re- flexjon points appear od(B) dependence, one lying on the
spectively. ThusQ from Eq. (12) will be Q, and that from  (jght shoulder of central peak and the other on the low-field

Eq. (8) will be Qy, etc. The terms without subscript will gjqe of second peak. These two inflexion points correlate in
further refer to theotal quantities obtained as a sum of both ;. with the shallow maximum and minimum a(B).

contributions. At all extremes of the)(B) curve (the maxima of central

Evidently, the leading term in Eq12) close t0Tc is (1 54 second peak and the intermediate minimum=0 and,

~07'% which is much slower than the terf@—t)™ govemn-  yhorefore 0= ye. Thus,Q is Up to By, rather a weak func-
ing Qx(T) [Eq. (8)] in the same temperature range. On theyion of B, slightly fluctuating around value. Here we again

other hand, at low temperatures, except for very high magsiress thatye and ke are not at low fields well defined pa-
netic fields,B>By,(0), Q;>Q,. It can be seen from com- 3meters in terms of the Perkins’ model.
parison of Figs. (b) and Xc). The latter figure shows three  The central peak contribution is also reflected in tempera-
Qu(T) curves for kg=1, %=0.04 andBR=0.1, 1, and tyre dependence @. This dependence is usually measured
3T um. However, the effect of both pinning mechanisms topy ramping temperature and holding fieBy, fixed. For clar-
the total relaxation rate is not simply additive but modifiedity, we will denote this field as;. On the other hand, irre-
by weighting factors as will be shown further. versibility field, together with the whole MHL, scales with
temperature. Thus, during temperature ramping the relation
betweenB; and characteristic features of the MHL changes
By summing the terms of the central and second peak, wand one in fact scans the MHL dtB) curve.
get® Let at some relatively low temperatuil, B; lie well
J(B) = Jy exp(— BB, ) + J..B/B. . ex (1 - (B/B..)"/n], below B,,.,(T1). From the above discussion it follows that
(B) = Jox exp )+ JneoB/Bina XfL(L = (B/Ba) )(1]3) Q(Bs, T1) = ye. With increasing temperaturd,.(T) shifts
toward B;. During this shift Q(B;,T) slightly fluctuates
where Jo1, Jmax @re magnitudes of the central and secondaroundyg value up to the moment whey at some tempera-
peak, respectively. Usuallyly;, Jmax and Bnax can be di-  tureT, exceeds,,,(T,). Above this temperature a rapid rise

C. Additive pinning
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of Q(Bs, T) occurs, in correspondence with experimental ob- 6]

servations. For bulk RE-123 superconductors, this is a natu- ) 5—'%@,. 70K
ral explanation of the plateau @(T) commonly observed in 2 ‘3‘

low/intermediate temperatures. Both the present explanation ’g 51

and experimerit show a broad plateau for low magnetic - 1

fields [where the difference betweeB; and B, (T1) is

large, a narrower one as the distance betwd&nand 0'28;§

Bna{T1) decreases, and finally a reduction of the plateau into 0-15-j§

a point whenB;= B,,,,,(T1). A similar plateau orQ(T) ob- 0.10§

served in thin films$? whereJ(B) is a monotonously decreas- 0,053

ing function, has most probably another groundJé&B) de- 0.00 M :

pendence in thin films is governed by a completely different —

o 1 2 3 4 5 6 7

pinning (and relaxation mechanism. B (T)

I, EXPERIMENT . .
FIG. 2. Correlation of the experimentd(B) dependencéa)

Most of the above-described results will be demonstratedvith Q(B) and —;,(B) (b) of sample S1 for 70 K and field sweep
on a melt-texturedNd, 3 E W 3560 39 Ba,Cus0, (NEG-123 rate 0.4 T/min.Q(B) was determined ad In J/A In(dB/dt) from
sample with addition of 30 mol % GBaCuQ particles. the J(B) curves measured with sweep rates of 0.7 and 0.1 T/min
This sample, denoted “S1,” exhibited magnetic hysteresigthick solid curvg and from Eq.(3) using J(B) measured with
loop with two well-distinguished peaks separated by a dee|9-4_T/min(thin n_oisy curve. The verticr_:ll dOt.-daSh gnd dOtted_ lines
minimum, typical for many untwined bulk RE-123 materials. indicate correlation o'f extremes and |n_erX|0n pointsJB) with
It was produced by means of oxygen-controlled-melt-growtZ€r® and extreme points G(B), respectively.
process described in detail in Ref. 15. Structural analysis )
reported therésample LLM) revealed a uniform dispersion Shows theJ(B) curve of sample S1 recorded at 70 K with
of the secondary phase particles of 0.1 to a few in diam-  field sweep rate 0.4 T/min. Characteristic points of the curve
eter. Point-like disorder was mainly due to RE/Ba composi-2re marked by vertical lines; the extremes by dot-and-dash
tional fluctuation®® Oxygen deficiency was minimal be- ones, the inflexion points by dotted ones. These lines coin-
cause of optimum oxygenatidii,~ 93 K). Twin boundaries ~cide with the corresponding features Q(B) and -xi,(B)
were absent. Sample “S2” was a melt-textureddependencies shown in Fig(d. At J(B) extremes,Q(B)

(Ndp 35 Up 23450y 29 Ba,CUz0, with 5 mol % of =7 [as xin(B)=0], at the middle inflexion point ofi(B),
(N 3F U0 3850, 39,BaCuQ, and was produced by the same both —xi,(B) and Q(B) reach their minimum values. Thus,
technology as S1. The particular Nd-Eu-Gd ratio resulted ifQ(B) starts increasingsignificantly below B,. At and
twinning. The twin structure consisted of regular twins and aaroundB,,,,, Q(B) has always a positive slope. The lowest-
fine nano-scale lamellar substructure aligned with the reguldying inflexion point can be approximately associated with a
twins 33 This special type of pinning medium caused anshallow maximum ofQ(B) at low fields. No significant fea-
anomalous enhancement of pinning at very high fields, aure of Q(B) corresponds to the high-field inflexion point,
shift of the second peak to higher fields, and a partial fillingJ(B; ;).

of the minimum between central and second peak so that the The two ways ofQ(B) calculation are indicated by differ-
dip transformed into a plateau. ent line styles. That calculated from two complete MHL

Magnetic measurements were performed by means of gurves measured with slightly different field sweep rates is
vibrating sample magnetomet@/SM) in the field range up the thicker one. That obtained by means of E8). with
to 14 T, mostly with field sweep rates 0.7, 0.4, and 0.2 or-,, (B) from one complete MHL andy determined sepa-
0.1 T/min. Theexperimental @) curves were calculated as rately is thinner and more noisyyz was estimated as
a logarithmic difference of two full hysteresis curves mea-Q(B,,,,)=[A In J/A In(dB/dt)]g-g _ calculated from short
sured with field sweep rates 0.7 and 0.2 or 0.1 T/min. Thesections of two MHLs measured with different field sweep
model @B) was obtained from Eq(3) using logarithmic  rates aroundBy,. Both approaches are almost equivalent.
derivativesyy(B) of MHLs measured with the intermediate Qpviously, all features of x,(B) are reflected by(B).
field sweep ratg0.4 or 0.3 T/min. ye was determined ac-  Figures 8a) and 3c), together with Fig. 2, document that
cording to definition from the shift of the secondary peakalthough thel(B) dependence does not scale in a wide tem-
with field sweep ratg. Super_current den_s]tyvas calculqted perature range, the correlation betwe¥B) and Q(B) de-
from the measured irreversible rr21agnet|c moment using thgendencies persists over the whole temperature region, irre-
extended Bean modeéf, J=AM/[a’c(b-a/3)/2], wherea,  gpeciive of the field range reduction and the relative second
b, c are dimensions of the rectangular sample aMlis the  peak height decrease. The faster decrease of the second peak
height of MHL. with increasing temperature with respect to the central peak

IV. EXPERIMENTAL RESULTS AND DISCUSSION is consistent with higher pirming energy of the relatively
large secondary phase particles with respect to nanometer-

The correlation of the characteristic points #B) and  size point-like defects. It is natural that with increasing ther-
Q(B) dependencies is demonstrated in Fig. 2. Figui@ 2 mal activation the pinning efficiency of small point-like de-

024525-4



RELAXATION IN BULK RB&Cu307_5s SUPERCONDUCTORS PHYSICAL REVIEW BO, 024525(2004)

3.0 1.5 1.0
88K
~ 3 80K ; @ |, 0.8 ©
§ 20 : 0.3 T/min
3 P 0.9: 0.6-
L5 :
= ' 0.4
= 1.0
0.5 0.2
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FIG. 3. Correlation ofl(B) dependencie@upper figureswith Q(B) and —x,(B) (lower figures of the sample S1 for 80 Ka), 86 K (b),
and 88 K(c). The measurements were made vafydt=0.3 T/min.Q(B) were determined as In J/A In(dB/dt) from the curves measured
with field sweep rates of 0.7 and 0.1 T/min. The vertical dot-dash and dotted lines indicate correlation between extremes and inflexion points
of the J(B) dependence with zero and extreme pointfB), respectively.

fects drops much faster than that of large particlesdifference of two full hysteresis curves so well that the
Moreover, as irreversibility field drops with increasing tem- curves are nearly indistinguishatfleig. 4(c)]. The two ver-
perature, the field range of the pinning dominated by pointtical dashed lines in Fig.(d) delimit the area outside which
like defgcts' gradually reduces in favor of large particles.only one of the weighted componer®s(B)J;(B)/J(B) and
Thus, with increasing temperature the secondary peak rag,(B)J,(B)/J(B) has a considerable magnitude: at low fields,
:‘?r:)élltzllr\]/qg::fsr;w%ss (g](?r?s%;serl:t]lt; t?w @s{h(zgl)dg:] do(g (JIEBh)eml\i/lnl?;éandQ(B) is exclusively governed by the low-field pinning
. : = . _ o e o

transform into broad platea(iBig. 3b)] and, finally, close to mechanismQ=Qy, at high fields only the high-field pinning
T., the curves become monotonously increasing functions
[see, e.g., @) in Ref. 34. On the other hand, in RE-123
single crystals only a limited number of “large” particles is
present and the central peak is controlled by relatively weak
self-field effects:?8 There, the central peak decreases with
increasing temperature faster than the secondary Peak.

In Fig. 4 we show that the correlation betweB) and
Q(B) exists also for the decomposed componénEhe dot-
ted and dot-dash curves in Fig.a#describe the central and o 015
second peak components, respectively. The solid curve rep-
resenting the theoretical totd{B) dependence Eq13) can
hardly be distinguished from the experimental détgm-
bols). The Q;(B) dependencies corresponding to the two
J(B) componentsj=1,2, aredisplayed in Fig. &). The
curves were calculated from Eqg&) and (11), using only o 0.15
one complete MHL, measured with the intermediate field
sweep rate 0.4 T/minye(=0.0394 was determined from a
short segment of another experimental MHL measured with
0.7 T/min around By,,,=3.21 T. J5;=51350 A/cn? and
Binax Were deterrrr%ined directly from the experimental MHL,
J.maX:51213 Alcm, B =0.75 T, andn=2.09 resultgd fro_m FIG. 4. (a) Decomposition of theJ(B) dependencies of the
fit of the complete MHL by Eq(13). Note that Wlt.h thls sample Sl( rzweasuredp at 70 K with field spweep rates 0.7 and
yalue ofB_ and£(0)=1.5 nm’. we geR=1.93 um, Wh'(_:h IS 0.1 T/min into additive componentsl;(B) (dotted curves and
in a very good agreement with the structural analysis of thig,(g) (dot-dash curves (b) individual relaxation rate€;(B) and
sample'> Figure 4c) shows the weighted components q,(B) calculated as\ In J;/A In(dB/dt), i=1,2; (c) weighted indi-
Q1(B)J1(B)/J(B) and Qx(B)J,(B)/J(B) and their sum. The vidual relaxation rate€Q,J;/J andQ,J,/J, together with their sum
total Q(B) obtained in this way, represented by the thick (solid curve and the “experimentalQ(B) dependence obtained as
solid curve, agrees with the curve calculated directly fromA InJ/A In(dB/dt) (symbols.

2

3 (10" Afem’)
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FIG. 6. Correlation ofl(B) dependencéupper figurg with Q(B)
and -yn(B) (lower figure of a twinned sample S2 at 77 K. The
measurements were made with field sweep rates 0.7, 0.3, and
0.1 T/min. The vertical dotted and dot-dash lines indicate correla-
tion between inflexion point and extremesJoB) with extreme and
zero point ofQ(B), respectively.

QN
=

Q—

2
B (T)

that J is not an independent variable in magnetic measure-
FIG. 5. Correlation ofl(B) dependencéupper figurg with Q(B) ments. S.Imllar tQ, J o_lepends orB. Substituting in Eq(2)

and y;,(B) (lower figure of a twinned sample S2 at 77 K. The for B an inverse function td(B), B=Inv(J(B)), Whe.reJ(B) )

measurements were made with field sweep rates 0.7, 0.3, and 0§ 9iven by Eq.(13), one gets the dependence displayed in

T/min. The vertical dotted and dot-dash lines indicate correlationf /9. X@ (dashed ling Figure §b) shows thatQ is in this

between inflexion point and extremesoB) with extreme and zero ~ field range very well approximated 19,J,/J (the dot-dash

point of Q(B), respectively. line). The experimental data §(J) merge with the approxi-
mate curveQ,J,/J, at aboutQ= 1y, i.e., atByax

mechanism is importantQ~Q,. Between the two lines, Q(B) is at low fields nearly constant. Thi_s implies that

around the minimum of(B), both contributions are of the Y(J)*InJ[Eqg.(1)]. Thus, we can expreds(J) in the same

same importance and have to be taken into account. way as for the second peald(J)=Uq(B, T)In(Jo/J). Then,

Another view of the above arguments we can find on thdfor the same reason as mentioned aboveXah dependence
plot of Q as a function ofl. Such a plofFig. 5a)] exhibits ~ at high fields, it follows from Eq(2) thatUy is independent
three clearly distinguished parts: a nearly constant one bedf B. Consequently, any potentiél(B) dependence at low
tweenJy; and Jy,;, (see the inset a slightly (approximately fields would originate solely from a difference in field depen-
parabolically J-dependent one betweely,, and J.., and  dencies ofJ, andJ.
finally, one increasing approximately logarithmically with  In the intermediate region, betweel,, and Jy,, the
decreasing) betweenJ,,,, and low values of] (this part Q(J) dependence in Fig.(8) is evidently affected by both
corresponds to the high-field slope of the MHIThe solid  pinning mechanisms. Sum of both contributiort®;J;/J
line represents experimental da@@ calculated from a dif- +Q,J,/J, gives an excellent approximation Qf(J) in this
ference of two curves measured with different sweep yatesfield range. Because the activation energy proved to be a
the dashed line is the plot @ from Eq.(15) with J calcu-  logarithmic function ofJ both in the low- and high-field
lated by means of Eq13) versus experimental data. The region, we can deduce that this is also true in the intermedi-
experimental and theoretical curves are in a very good agreete fields. Thus, Eq2) should hold there, too. However, the
ment in the whole field range. The first part, related to thefield dependence dfl, is a rather complicated function.
central peak, is emphasized in the representation shown in The fact that the correlation betweeliB) and Q(B)

Fig. 5b) that present® andQ.J,/J as a function 0fl;/J. Q  curves was verified at low fields, too, means thatand kg

can be in this range quite well approximated by the weightedio not need a substantial modification due to a different scal-
dependenc®,J,/J, up to about 0.3,/J, which in turn cor-  ing of the central peak.

responds tdBB=1 T [see Fig. &)]. The linear increase of Although the Perkins’ model has been usually tested on
Q4(B) according to Eq(11) is in this field range satisfacto- samples with a distinguished second p&a#it should ap-

rily compensated by the approximately linear dropJefJ  ply for any scaling characteristic feature of MHE2! This

with increasingB [Fig. 5c)]. fact is demonstrated in Fig. 6 which presents data measured

The third part of the curve in Fig.(8), corresponding to on twinnedsample “S2.” Here, the dip between the central
the fieldsB= B, represents a modified logarithmic depen-and second peak was filled due to twin planes actififjhe
dence. This seems to be inconsistent with @jthat claims  shallow plateau-like minimum between the two peaks was
Q to be independent af. The explanation stacks in the fact observed only when magnetic field was applied aloraxis
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(along twin planep The plateau transformed into a regular B,,,,. Consequently, in the relevant field ran@xg develops

deep dip when the sample was declined by about 20° out akith field in a similar manner as the second peak(B).

c axis. Q(B) was nearly constant over the plateau, in corre-Evidently, the classical theory has no satisfactory answer to

spondence withy,~0 and theQ value was close to that this phenomenon and a new approach is needed.

obtained aBn,, Minimum relaxation rate was observed in  The differentiation between point-like defects or their

the vicinity of the inflexion point on the low-field side of the gmall clusters and “large” particles, each of them being re-

second peak, in correspondence with the above model.  gponsible for another peak in MHL, is also not very reliable.
Similar evidence for a twinned sample was published inthe 20-50 nm large Zr-rich particles formed in a

Ref. 38, v_vhere irtwinnedY-12_3 single crystal mag_netized Nd,Eu,Gd-123 bulk after a long-term Zrball milling of
alongc axis a wavy broad maximum was observed instead OEhe secondary phase Gd-211 enormously enhaddad es-

a second peak. Th@(B) curves reflected all features of this pecially at low field® The work gave no evidence of a pin-
anomalous MHL. After declining the sample by 20° fram = ing mechanism crossover from “large” particle pinning
axis, the wavy plateau of the MHL transformed into a regular(centra| peak to the point-like disorder pinningsecond
second peak and th@(B) dependence also changed shape&eay Even more striking was a similar behavior of the very
correspondmgly. Although fche other samples exhibited qua“homogeneous pinning structure of only 3—6 nm in size pro-
tatively the same correlation betwe€(B) and J(B), the  qgyced by fast neutron irradiatidh-*3Again, a strong effect
quantitative comparison is worse, probably due to the fachn j was observed, especially in the low field range. This
that the magnetic and relaxation data were recorded dignight indicate that the pinning mechanism associated with

cretely by a superconducting quantum interference devicghe second peak involves some still unknown or not yet rec-
(SQUID). Also the study by Werneet al®® on Y-123 single  ognized feature.

crystals by SQUID, VSM, and torque magnetometry gives
typical Q(B) dependencieésee the data for 50 K in Figs. 3
and 7 and for 60 K in Figs. 5,)8The correlation ofQ(B) V. SUMMARY AND CONCLUSIONS

and J(B) and its consistent change after irradiation by Pb _ ) _ L .
ions was observed in Ref. 13 on a Dy-123 single crystaé Analyzing the relationship between logarithmic relaxation
Fig. 5 thereii. rate,Q, and logarithmic susceptibility,, in which the scal-

)ing of magnetization in bulk strongly pinned RE-123 mate-

perimentally observed scaling of a characteristic feature Opals p!ays a principal rolé, ! we found new features that
MHL with electric field and temperature. Within this model, Sh€d light on several aspects of the mod#gl.J(B) around
the answer to the basic question of what is the microphysicatnd above the second peak is in the case of logarithmic pin-
reason for)(B) increase belov,.,, can be only speculative. ning potential a um_v_ersal curve (_:hargcterlzed by on_ly one
We therefore add only a few comments concerning the mat2@rametem, determining the logarithmic slope 6(B) at its
ter. Formally, the scale factak, = BX€ is responsible for the high-field inflexion point.(ii) Q(B) is in the whole experi-
increase ofi(B). We point out thakz=~ 1 has been observed mgntal field range determined by, the normalized relax-
in a wide range of bulk RE-123 materials, which makes this2tion rate aBpg, (or at another MHL extremeand by the
dependence remarkably universal. logarithmic derivative ofJ(B) [or I\/_I(B)]. (iii) Although the

The correlation of th&(B) dependence with the shape of Parametersye andke(=1) were originally defined only for
MHL excludes all solely static explanations of the secondhigh fields, it occurs that the cor(elatlon between expe'rimen—
peak effect from consideration and points to a significant rold@! and model(B) andQ(B) data in RE-123 samples with a
of relaxation. On the other hand, the orthodox “dynamic”Strong point-like pinning disorder persists also in the range
explanations, like that due to enhanced relaxation in th&f the central peak, which indicates that the parameters are
range of the dip between the central and second peak, aldtgarly constant up to lowest field$v) Equation(13) allows
fail; we showed that the effective total relaxation rate is in allfor separation of the two terms and an individual study of
this field range rather low and practically temperature indel€laxation in the separate pinning regimes. The correspond-
pendent. We stress that the second peahd the whole ing logarithmic relaxation rates enter the total relaxation rate,
MHL) results from a delicate balance between relaxation an®(B) in the weighted form according to E@l5). (v) As
magnetic induction, in which the pinning strength plays anQ(B)=7e at any extreme o8(B), the Q(B) dependence is
important role. Thus, for formation of MHL both static and rather flat belowBy,,,, slightly fluctuating around the value
dynamic effects are equally important. ¥e- Above By, J(B) is usually only negligibly affected by

A wide field for discussion is elastic properties of vortex central peak and thu@(B) increases aB" (n reaching val-
matter. It was suggested thatB) rise can be due to shear ues between 1 and)3being solely governed by the second
modulus softening. However, maximum @@gs(B)>b(1  peak pinning mechanisnivi) From the experimenta(J)
-b)%(1-0.58%+0.2%% (with b=B/B,,) lies at about data of sample S1 at 70 K we deduced that the andatz
0.3B,,. Therefore, the explanation can be correct only in=UgIn(Jo/J) and, therefore, also E¢2) can be used in all
clean single crystals or conventional superconductors, wheriégelds. Then,Uy«B™ at high fields butUy(B)=const at
the peak appears close bel@®y,. In high-T, superconduct- around central peak. In the intermediate fieldg,is a com-
ors instead oB., we should takds;, or B, the melting field, plicated function oB because both pinning mechanisms sig-
as a scale field. In strongly doped RE-123 materBls nificantly participate.(vii) Fixing of magnetic field during
~B;, and thus, the maximum dfgg lies in the range of temperature ramping between temperatufBs and T,

The above phenomenological model is based on the e
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(T1<T,) at a valueB; results in an effective scanning of the
MHL betweenB;/B,,,(T1) and B;/B,.(T>). If T, is set so
that B,a(T2) =B <B,(T1), One gets a flat, slightly wavy
Q(T) dependence between, and T,, similar to theQ(B)
course at low fieldsB=<B,,,. Above T,, Q(T) steeply in-

PHYSICAL REVIEW B 70, 024525(2004)

tional one}*“% allows for a substantial reduction of experi-
mental time in the above type of analysis by measuring one
full hysteresis loop and a short part of another one, around
Bhax iNstead of a time-consuming measurement of conven-
tional relaxation at a number of different fields.

creases up td.. This is a natural explanation of the plateau
in Q(T) dependence in bulk RE-123 samples with strong
pinning. The plateau disappears WhBf= B, (T1). (Viii)
The experimental evidence shows that the correlation be- This work was accomplished under the support of grant
tweenJ(B) andQ(B) is valid in any RE-123 material exhib- GAAS of CR, No. K 1010104. M.J. acknowledges the finan-
iting scaling of a significant feature of MHL with electric cial support of JSPS in 2001 and 2002 that enabled him to
field, e.g., in twinned or irradiated samples. In such casesstay at the Institute for Material Research, Tohoku Univer-
the exact analytical(B) dependence is not known and the sity, Sendai, where most of the present experiments were
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