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Critical-state model with a secondary high-field peak inJ.(B)
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A critical-state model capable of describing the experimentally observed secondary or fishtail peak in
magnetization data for bulk highs superconductors is introduced. As suggested by a recent understanding of
the fishtail effect, the field dependence of the critical current density is taken as a sum of two terms; one giving
rise to a low-field magnetization peak and another being responsible for the fishtail peak. The model, which
extends the Kim model by adding a Lorentzian termJi(B), allows analytical treatment. Expressions for
internal flux-density profiles as well as the various branches of the magnetization loop are presented. It is
shown that measured magnetization loops of NARgO,_ s samples showing a very pronounced fishtail peak
are well fitted by this model. Using our procedudg(B) can be determined without invoking the Bean model
(with a constantl,), and thus avoiding an inconsistency in the analy$6.163-18207)02941-X]

[. INTRODUCTION netization loops, a scaling af,, normalized to the maxi-
mum value at the FE peak, plotted versus—(/T)P

The fishtail effectFE) or “second peak anomaly” found (p~1.5-2) could be establishéd:*' This analysis was, as
in magnetization loops is one of the still puzzling propertiesusually done in literature, based on the Bean model relation
of high-T. superconductors, found in several different mate-J.<AM, whereAM is the width of the magnetization hys-
rials. A common characteristic of all investigations is that theteresis loop. While this simple relation is a reasonable ap-
FE is observed only ibulk samples, either homogeneous or proximation for fields larger thal*, the approach can eas-
granular, and not in thin films of any materfal. ily give misleading results at fields lower tha&tt,**1°thus

A magnetization loop of a sample exhibiting the FE re-complicating a proper analysis of the central peak and the
veals two important featuregi) a minimum in magnetiza- low-field pinning mechanism. This problem is overcome if
tion, M, located close to the full penetration field, and one instead fits the entire magnetization loop by a critical-
(i) a maximum inM at high fields. Usually, also a peak state model based on a suitable functig(B), which in this
close toH =0, called the central or low-field peak, is present,case should possess the characteristic FE features seen in
as it is often found in strong-pinning, hard type-Il supercon-experiments.
ductors. This central peak shrinks with raising temperature Based on these considerations, we suggest a model with
with the result that observed magnetization loops can have &(B) comprised of two additive terms, one monotonic part
wide variety of shape®’ It is obvious that the commonly producing a central peak, and a second term representing the
used critical-state models with a monotonic field dependenchigh-field peak. Such a separation is further motivated by
in the critical current densityl,(B) like the Kim modefthe  recent experiments showing that it is possible to remove re-
exponential model etc., are not well suited to properly char- versibly the FE by high-pressure oxygen loading of

acterize the FE. YBa,Cu;0,_5 single crystals prepared in BazgO
Several attempts were made to ascribe the FE to the fieldsrucibles!®
induced activation of a special pinning site likeBaCuQ In this paper we derive explicit expressions for both the

particles found in melt-processed Y@a,0,_5 samples®  ascending and descending field branches of the magnetiza-
However, only a quite general approach which is not sampléion loop for this model, and make comparison with various
or material specific, will be able to explain all features of theFE shapes described in literature. We also show the fitting
FE reported in literature, e.g., the scaling behavior of thegprocedure applied to data obtained on NgB&O,_ s
magnetization around the fishtail peak the dynamic char- (NdBCO) samples.
acter of the fishtail minimur? or the FE in heavy-ion irra-
diated sampleS’ _ Il. OUTLINE OF THE MODEL

A step towards a general model was made in Ref. 6 start-
ing from the scaling of the magnetization loops and the A form sufficiently general to allow parametrization of
change in relaxation behavior around the FE minimum. Inthe variety of FE behaviors is the following extension of the
this model, the shape of a FE magnetization loop is underKim model:
stood as a sum of two distinct contributions with quite dif-
ferent field and temperature dependencies. One of them is 3.(B)=1 1 4 a
active only at low fields, thus being responsible for the for- R E AT (Ib|—by)2+ bg '
mation of the central peak, and vanishes rapidly with in-
creasing field. The high-field mechanism is developing withwith b=B/B,; J, andB, are the original parameters of the
increasing field, and its maximum causes under certain corkim model. The secondary peak is represented by the
ditions the fishtail peak. For the high-field part of the mag-Lorentzian term characterized by its center positin its
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We consider first a zero-field cooled superconductor sub-
jected to an increasing applied field. The flux then penetrates
the slab in an outer layer of growing thickne$ssee Fig. 1.
From Eqg.(3) we obtain

b, >> b

77

ba>b' ) )
(by+1)2—(b+1)
X=1- -

a (u-12-v? | v(by—b)
a | Pa b T T A 0y o
S N (b+u)?+v? ’
O — S —
_g ) +(U )n(ba+u)2+021 ()
£ b,=b

where k=puowJo/Bg, u=a/l2—b;, v?=b3+a(b;+1)—
(a/2)?. Throughout this paper lower casewill denote in-
duction values normalized bB,, like b,=B,/B,, etc. In-
terestingly, the functiorX(b,b,) consists of parts which are
easily identified; the first being the well-known result of the
Kim model, and the second being associated with the FE.
From Eq.(2) it is clear that the same separation carries over
o oz  or os o8 1o to the expressions fdvl, as will become evident.
' position X The flux penetration depth as function of the applied field
follows directly from Eq.(4) as§(b,) =1—X(b=0)b,). The
FIG. 1. Flux density profiles in one-half of the slab at various initial stage with partial flux penetration lasts until,
stages of penetration in an increasing applied field=1000, reaches the full penetration vald®, which is given by
b,=b,=25, andb* = 10. X(b=0, b,=b*)=0.

Direct observation of flux density profiles is today pos-
width b,, and the relative amplitude. All these parameters Sible with several experimental techniques like magneto-
may depend on temperature. The Lorentzian form, whictPPtic imaging,® Hall probe arrays; etc. It is therefore of
was motivated by the shape of the scaled magnetizatiofterest to look in some detail at the functiaifb,b). The
loops presented in Ref. 6, has the additional advantage &aphs of Fig. 1 show how the flux density profile develops
permitting analytical calculations of flux density profiles andfor an increasing applied field. In the initial stage the profile
evenM. has a negative curvature, as in the original Kim model. Go-

Consider a superconductor shaped as an infinite slab ¢fg beyond full penetration, the curvature is seen to change,
thickness ® placed in an external magnetic field, With an intermediate region nea)ra.z b* where the profile
H=(B,/u0)z directed parallel to the surface. The influenceh@s anS shape. Then, at even higher fields the curvature
of a lower critical field and surface effects are neglected ir9ain becomes negative. _
the present treatment. Except for an interval immediately af- Calculation of magnetization gave the following results.
ter the field sweep direction is reversed, which we omit in (i) O0<ba<b*. The virgin branch of the magnetization
this calculation, the flux density profibe(B) will always be ~ curve is calculated from Eq2) with B,=0, which yields
a single-valued function wherever the current dengity

#0. Thus, from Ampee’s law, j,dx=—dB/uy, one can M 2 3 b2
write the magnetization a5 o _p 2y 2 2 2(1-u)b,+ —
Bo aT 2k T3k Kk at
B, P vba q (ba+u)?+v?
MOM=—f XdB, 7 v A Ui+ o2 2 T W2 |

m

©)
where X=x/w and B, is the induction at the midplane,
x=0. The flux profile is obtained by integrating Amp&  \here p=—u+2u?—u®-20v2+3uw? and q=1—-4u+

law, which gives 3u’?—v?. By expanding the RHS in powers bf, one gets
—ba+[1—a/(u2+v2)]b§/2k+-~~ , Sshowing that the initial
1 B, dB’ slope of the magnetization curve equalq.
X=1+ —— — ©) (i) by=b*. When the applied field exceeds the full pen-
moW Je  jy(B) etration value the midplane induction becomes nonzero and

dependent upon the applied field. We obthjj(b,) by set-
Here j,(B) has the magnitude of the functiod,(B), and ting X=0 in Eq. (4), which gives the relatiorf(b,) = 2k,
sgn(y)=—sgn@B/dx). where



56 CRITICAL-STATE MODEL WITH A SECONDARY HIGH- . .. 11 275

f(by) = (ba+1)2— (b,+1)2—2al b,—b +(”_1)2_”2t s v0ambw) (bt u)?+0?
(bm)=(ba+1)"—(by+1)°—2a by~ b, ’ AN b ) (bt u) 02 (u )HW-
(6)
The magnetization then becomes
poM _ bi—by, bi-bh a bi—bn P, v(b;—bpy) q  (batu)’+v?
By~ Pat ok T3k k| 2T Wba bt o A e e W 0? T 2" (bt u)2 02|
)

which is valid until the field sweep is reversed. After a sufficient field reduction the induction gradient has changed sign
throughout the slab, and the flux profile becomes again monotonic.

(i) b,=0 and decreasing. From E) one sees that changing the signjpleads to a new profile function given by Eq.
(4) only with the substitutiork— —k. Consequently, the same substitution also applies to the expression for the midplane
field, which now is given byf(b,,) = —2k. We can immediately write the magnetization as

HoM b2—bZ b3-b3 a b2—bZ p v(by,— by q  (bytu)?+op?

—_h — _ m, - _ _ = —1 iy 7 "
By~ P ok 3k k|2 Wbab) o AN e S Fwy ro? T 2" (bt w2t o]

8
(iv) —b*<b,=<0. In this intervalB changes sign at some positidfy, and sincel, depends uponb|, two separate
functions,X(@(b) andX®(b), will describe the profile. In the outer regiodty<X=<1 the profileX(® has the same shape as
during the initial stage, &B,<B*. Thus the contribution tdM from the current distributed in this region is simply
—Myigin(— Ba), whereM i, is given by Eq(5). The induction profile in the inner regionsX<Xg, is found by integrating
Ampere’s law, X(i)z(,uow)*lfg"‘dB’/Jc. Here the midplane inductionB,,, is determined by requiringX,=X®
X(b=0)=1-6(—b,), which is expressed by the relation

(u—1)2—v2(

2k=(b,—1)%+ (by+1)2—2+2a|b,— b+ tan ! ——

(by—u)?+02 (bt u)2+uv?

+(u—21){ In n
( ) u2+vz U2+1)2

€)

The total magnetization can now be written as,term (a=500, b;=25, andb,=235), resulting in a shallow
M = =M irgin(—b2) + S o™X DdB/ g, or minimum and a small peak. Such loops are reported in lit-
erature for thin DyBgCu,O;_5 single crystals(thickness
M = — M irgin( = Da) + Myirgin(Bm) + bnBo/pto.  (10)  @bout 15um) at temperatures around 406}%.2'13"21:2% (©),
a well-developed FE is shown with a deep minimum and a

(v) b,<—Db*. In this range ob, the situation is the same high peak(a=500, b; =35, andb,=25). This situation can
as forb,=b*, except now the direction of the supercurrentbe found on severaRBa,CwO;_s (R=rare earths single
is reversed. In fact, the entire magnetization loop possessésystals and melt-processed samples at temperatures above
the symmetryM (—b,)=—M(b,). 60 K241 Finally, Fig. 2d) shows a magnetization loop
where the FE peak is dominating, and the low field peak
gives only a minor contribution to the loofa= 1500,
b,=35, andb,=25). This situation is encountered in rela-

Calculated magnetization loops for four different sets oftively thick samples at elevated temperaturéan example
model parameters are shown in Fig. 2. Figuréa)-22(d) is given with the melt-processed NdfaLO,_ s sample
show how the secondary peak may appear increasingly preshown in Fig. 3. These various magnetization loops demon-
nounced in the large-field hysteresis loop. In Fi¢p)2the  strate clearly the flexibility of the model to simulate practi-
contribution of the Lorentzian term is switched ofi€£0),  cally all shapes of the FE described in literature.
yielding a purely Kim-type magnetization loop. Such a loop To demonstrate quantitatively how experimental magneti-
is indeed obtained after high-pressure oxygen loading ofation loops can be fitted by the model, Fig. 3 presents mea-
YBa,Cu,0O;_5 crystals prepared in BazgOcrucibles!®  surements on two different NdBau;O;_ ;s melt-processed
These crystals are practically free of metallic impuritiessamples with dimensions 1.821.86x 0.3 mn? (sampleA)
which are in conjunction with oxygen vacancy clusters re-and 1.38 1.18x 0.47 mn? (sampleB). Both samples show a
sponsible for the microscopic origin of the fishtail shape. AsT gneet Of =94 K. The preparation procedure for these
shown in Ref. 20, oxygen removal from these samples bringsamples is described in Ref. 24. The magnetization loops are
the FE shape gradually back. Figurd@Ppresents a magne- recorded using a superconducting quantum interference de-
tization loop with a small contribution from the Lorentzian vice magnetometer with the external field applied perpen-

lll. FITS TO EXPERIMENTAL DATA AND DISCUSSION
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g Py TS FIG. 3. Magnetization loops measured on two different
- NdB&Cu;0;_ s melt-processed samples fitted by the present critical
2t state mode[Eq. (1)]. The measurements illustrate two typical situ-
i ations(upper,T=74 K, sampleA; lower T=77 K; sample B).
-4}
-100 50 0 50 100 For sampleA the J.(B) rapidly declines from a maximum

B./ B, value atB=0 to a local minimum near 0.5 T. While a simi-
lar behavior also follows if one assumé&gs<AM, the strong
deviation from Bean model behavior makes the quantitative

FIG. 2. Magnetization curves with ascendiiegativeM) and  resylt for the low-field peak significantly different. Figure 5
descendingpositive M) field branches for four different sets of ghows the low-field behavior dk.(B) for sampleA obtained
model parametersb) a=500, b, =25, andb,=35; (c) a=500,  py the procedure advocated in the present waplaph 1,
by =35 andb,=25; and(d) a=1500,b, =35; andb,=25. Forthe g py the usual Bean model interpretatigmaph 2. The
widest hysteresis looft)) also the virgin curve is plotted. deviation between the two amounts to 40% near zero field. It

dicular to the sample surface. The experimental curves illustheén changes sign and grows to approximately 10% near 0.2
trate two different situations where a central peak is present- It is evident that the overall shape of the low-field peak in
(sample A, T=74K), and a typical loop(sample B, J.(B) is dramatically distorted when applying the Bean
T=77 K), where the central peak is nearly vanistiee., the model formula, which from the outset is an inconsistent ap-
peak width is smaller than the step size of the external)fieldProach. _ ) _
and the irreversibility field is reached. To these data the In the plot of Fig. 5 the full penetration field of
model was best fitted using the following sets of parametersB* =0.37 T, another result coming out of our model fitting,
Bo=0.10 T, a=180, b;=18, b,=0.%;, and k=5.06 IS indicated. AboveB* the two different ways of determin-
(sample A), and B,=0.10T, a=2000, b,=115, ing .JC(B) deviates r_nuch [ess. In fact, f&,=B* the fol-
b,=0.9%;, andk=0.07 (sampleB). The theoretical curves, 0wing general relation exists:
drawn as full lines, clearly show that the present model is L &
capable of describing the experimental magnetization loops 2 2
very well. Only near the crossover into the reversible regime, AM(Ba) =WJe(Ba)| 1+ Z1W2“0 ija‘Jc(Ba)Jr B
which is not part of the model, the deviation becomes sig- (11
nificant.

In Fig. 4 we have plotted the field dependence of thewhenAM has a shape containing a pronounced FE peak, the
critical current density inferred from the magnetization fits.second derivative in the correction term could become large.
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FIG. 4. Inferred field dependence of the critical current density

for samplesA andB. FIG. 5. Critical current density for sampl in the low-field

region. Graph1) is obtained by fitting the full magnetization loop
ith J.=J.(B) as in Eq.(1). Graph(2) presents]. inferred using

Thus, a simple Bean model interpretation can give significan;f:]e Bean model

errors also aboveB*. It turns out, however, that for the
parameters of sampl& the usual Bean model interpretation
deviates less than 4% in the high-field region.

In contrast to samplé, sampleB, where a central peak is  commonly found in bulk highF, superconductors. The de-
not present, shows the classical Bean behavior in the lowjyeq expressions enable magnetization loops to be easily
field region. Therefore, the errors produced by invoking theitieq. In this wayd (B) can be determined without invoking
Bean_model are much less in this case. the Bean mode(with a constantl.), and thus avoiding an

This anfclly3|s.has shown that tBedependence Q'.C for inconsistency in the analysis. Further work is planned with
samples displaying the FE can be found in a consistent w e aim of relating the experimentally observed scaling be-

by fitting a critical-state model to the full magnetization havior of the FE to the temperature dependence of the pa-
loop. In particular, when focus is set on the low-field behav-

ior, e.g., to find scaling properties of the central peak and ofameters of the model, E).

the fishtail minimum, the procedure suggested in the present

work avoids the severe misinterpretation produced by the

Bean model formula whed, has a strong field dependence ACKNOWLEDGMENTS
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