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Equilibrium magnetization of high- T superconductors below the irreversibility line
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By scaling isothermal magnetization data measured at different temperatures in the mixed stateTef high-
superconductors, we show that in some cases the sample magnetization, measured in increasing magnetic field
below the irreversibility line, is identical with the equilibrium magnetization even in magnetic fields well
within the irreversible regime. This surprising behavior can hardly be explained in terms of traditional models
of vortex pinning in the bulk of the sample.
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One of the specific features of the field-induced magnetiaccount the temperature-dependent paramagnetic susceptibil-
zation in highT. superconductoréHTSC's) is that there is ity x, of the normal vortex cores which, according to Ref. 5,
an extended range of external magnetic fidlldelow the leads to the relation
upper critical fieldH.,, where the sample magnetizatith
is reversibl€! i.e., where the values ofl measured in either Meif(H/hep, To)=M(H,T)/he,— Co(T)H, 2
increasing or decreasing magnetic fields coincide. The lower
boundary of this range is the so-called irreversibility line with co(T)= xn(To) — xn(T). Equation(2) implies that the
(IRL) in the H-T phase diagram and the valuesMfmea- field dependence of the sample magnetizatM(H) at a
sured above the IRL represent the equilibrium magnetizatioshosen temperaturgé, may be obtained fronM (H) curves
Meq. There is no reliable way to evaluatd., from the = measured at different temperatures. The collapse of these in-
experimental data below the IRL without some additionaldividual M(H) curves onto a single master curve may be
knowledge about the pinning mechanisms in the particulaachieved by a suitable choice bf,(T) andcy(T), the ad-
sample under investigation. Although different varieties ofjustable parameters of the scaling procedure. The scaling
the critical-state model are often used for the analysis oprocedure is only applicable to magnetization data collected
experimental results, their applicability is very rarely justi- above the IRL. In this casé|lqt{(H) =M¢q(H,To). At the
fied and, therefore, the results of those analyses are not rebame time, oncé.,(T) andcy(T) have been established in
able. For instance, the simplest and most widely usedhe chosen range of temperatures, the transformation given
critical-state model of Bean is based on the assumption thdty Eq. (2) may also be applied to magnetization data mea-
the critical current density, is independent of the magnetic sured below the IRL. Because of the onset of irreversibility,
induction®® Experiments show, however, thatin HTSC's ~ Mg(H,To) generally no longer representsl ¢ (H, To).
strongly depends on the applied magnetic field; i.e., the Beaklowever, as will be shown below, a surprising asymmetry of
model is not really valid for describing the critical state of the Mq¢; curves, calculated fronM(H) data taken in in-
these materials. It has also been demonstrated that the eqaireasing and decreasing fields, with respect to the equilib-
librium magnetization curves derived from magnetizationrium magnetization curve offers to achieve important conclu-
data obtained below the IRL by employing the Bean modekions concerning the effective pinning mechanism.
do not really represeril eq.“ In this work, we demonstrate The condition thaty(H,T) depends only on the ratio
how a scaling procedure, recently developed in Refsée  H/H.,(T), which is the essential background of the scaling
also Refs. 6 and)7may successfully be used for the analysisprocedure, remains valid for any configuration of the mixed
of experimental magnetizatiod (H) curves below the IRL state. The vortices may form a vortex lattice, a vortex liquid,
and how, as a consequence, important information concermr, as has recently been proposed, a system of superconduct-
ing the effective pinning of vortices may be obtained. ing filaments embedded in the matrix of the normal métal.

The scaling procedure is based on the single assumptiofhis circumstance provides the possibility to use the scaling
that the Ginzburg-Landa(GL) parameterx is temperature procedure even if there is a step in thi€H) curves, mark-
independent. In this case, the magnetic susceptibility of @ng the so-called first-order phase transition in the mixed
superconductor in the mixed staggH,T) is a universal state of HTSC's, which usually is attributed to the melting of
function of H/H,(T) and the relation between the magneti- the vortex latticé12Although the vortex lattice melting rep-
zations at two different temperatur@&sand T, may be writ-  resents a rather plausible hypothesis, to the best of our
ten as knowledge, there is no direct experimental evidence for this
claim. For our discussion, however, the real nature of the
phase transition does not need to be known. It is only impor-
tant that in theH-T phase diagram there is a boundary
Hp1(T) between two possible configurations of the mixed
with he,=H(T)/H(To) being the normalized upper criti- state. In this case, at a fixed temperature and with increasing
cal field. Considering real HTSC’s, we also have to take intomagnetic field, a phase transition leads from one configura-

M(H/hey, To)=M(H,T)/h¢,, (1)
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FIG. 1. M¢¢4(H,T,) for sample Bi-1[original M (H) data taken FIG. 2. (8 Mgg(H,T=70 K) for sample Bi-2(original data

from Ref. 14], (a) above andb) below the first-order transition. taken from Ref. 1§ above the phase transitiofh) M. (H, T
The open symbols mark the end points of the covered field ranges at 70 K) below the phase transition. Ti¢:(H,T,) curves were
the indicated temperatures. The inset illustrates the definitions ofalculated using Eq2) (see texk
M andM{), taking theM (H) curve atT=70 K as an example.
The M (H,To) curves were calculated using E) with T,  sured at temperatures of 70 K and 75 K is reversible in the
=70 K (see text entire covered range of fields and, therefore, the correspond-
ing curves in Fig. b) represent th1{)(H,To) curve. The
tion (low-field phasg to the other(high-field phase By  merging of the individuaM (H) curves toMgg(H,To) and
MI(H) and M{P(H) we denote the equilibrium field- MU(H,To), as displayed in Figs. (@ and 1b), was
induced variations ofM in the low-field and high-field achieved with the same valuesnf,(T) andcy(T) on both
phases, respectively. An example is shown in the inset of Figsides of the transition, thus confirming our claim above. Al-
1(a).** Of course M {}(H) andM ) (H) do not coincide, but  though the magnetization <65 K is irreversible in low
they both should scale with the same valuedhgf(T) and  magnetic fields, theMq¢(H) curves calculated from the
co(T). In this work we concentrate on the features of themagnetization data measured in increasing magnetic field at
magnetization curves distinctly above and below the phase0 and 65 K merge into the equilibrium magnetization curve
transition. A detailed analysis of the magnetization very closén magnetic fields considerably below the corresponding val-
to the phase transition will be published elsewhere. ues of the irreversibility fielH;,, . This is obviously not the
Below we consider results of the magnetization measurecase forM;(H,T,) calculated fromM(H) data taken in
ments for three BiS,CaCyOg,, (Bi-1, Bi-2, and Bi-3  decreasing field, revealing an asymmetry of the magnetiza-
single crystals that were reported in Refs. 14, 15, and 1Gion process.
respectively. In all three cases only the magnetization data Analogous results for the sample Bi-2 are shown in Fig. 2.
from above the IRL were used to establish the parametens contrast to the previous cadd;,, (T) for sample Bi-2 is
heo(T) andcy(T). practically identical withH p(T), marking the phase transi-
Figure 1 showsM¢¢(H,T,) data for the sample Bi-1. At tion, at all temperature. Because the relative magnetic
T=60 K the IRL line for this sample is substantially below field range covered in Ref. 15 is extremely wide, accurate
Hpr(T).* The scaled magnetization curves above the phasgnd reliable values di.,(T) andc,(T) were obtained. As is
transition are depicted in Fig(d). Because these data were demonstrated in Fig.(8), the scaling procedure results in a
collected above the IRL, the resulting curve in Figa)Irep-  perfect overlap of théV(H) curves above the IRL and de-
resents the equilibriunMSg(H) curve forTo=70 K. The viations between the data measured at different temperatures
magnetization data collected below the phase transition arare of the order of the width of the line. Figuré®empha-
shown in Fig. 1b). The magnetization of this sample mea- sizes the features &fl .¢{(H,T,) below the transition. Simi-
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nonzero, the magnetic inductid®is uniform only in ellip-
soidal sample&’ In superconducting samples this nonunifor-
mity of B is magnified by a strong dependencexobn the
magnetic induction. The resulting distribution of shielding
currents effectively pushes the normal domains in the inter-
mediate state of type-l superconductors as well as vortices in
] the mixed state of type-Il superconductors towards the center
- of the sample. It was also demonstrated that this edge barrier
T for the flux motion in type-l superconductors may substan-
tially be reduced by proper shielding of the sample etfges
or by altering the sample shapeThe importance of this
edge barrier for correct interpretations of experimental data
Hiheo(T) (Oe) was also recognized for HTSCé:24
FIG. 3. My (H,To) curves calculated using Eq2) with T, The geometrical barrier reaches its maximum height very

—81 K (see text for sample Bi-3. OriginaM (H) data are taken close to the sample edges and the corresponding potential

from Ref. 16. The symbols mark the end points of the covered fieldlecreases only gradually towards the center of the saffiple.
ranges at the indicated temperatures. This asymmetry of the potential profile implies the corre-

sponding asymmetry of its effect on the vortex motion. The

lar to the previous case, tHd . (H,T,) curves calculated geometrical barrie_r naturally represents a stronger obstacle
from the measurements in increasing fieldrat55 K coin- for t.he vortex motion Qut of the _sample because it keeps the
cide already in a magnetic field range which extends to subYOrtices at some considerable distance from the sample edges
stantially belowH,,, . This is only possible if each of the and., therefore, thermal actlva.tlo.n is ineffective fpr the gxﬂ of
coinciding parts of the curves is calculated from the equilib-vortices. Because of the proximity of the potential maximum
rium magnetizations at the respective temperatures. Agai® the sample edges, the thermally activated entrance of vor-
due to irreversibility, theM ¢{(H) curves deviate from the tices is much more likely than their exit. This simple model
equilibrium magnetization curve at lower temperatures, bugxplains why the data presented in Figs. 1-3 are consistent
these deviations are again noticeably smaller for the meawith the assumption that the pinning in the bulk of the
surements made in increasing field than for those made withample is negligible and that the irreversibility of the mag-
decreasing field. netization is due to the mentioned geometrical barrier. Be-
A third set of data is shown in Fig. 3. For this plot we cause the height of the geometrical barrier is strongly depen-
have chosen only th& (H) data measured at several tem-dent on the shape of the sample edges, it may vary
peratures rather close to the critical temperatlige Al- significantly from sample to sample.
though the first order phase transition clearly manifests itself In many experimental studies, including that of Ref. 15,
on the magnetization curves at lower temperatiftes,is  the irreversibility line in theH-T phase diagram practically
practically invisible in this high-temperature range. As maycoincides with the line marking the first-order phase transi-
be seen in Fig. 3, th#l(H) curves, calculated from the tion. The standard interpretation of this onset of irreversibil-
measurements in increasing field, all merge in the entire covity rests on the nonzero shear modulus of the vortex lattice,
ered ranges of fields, thus clearly indicating that this curvecausing it to be much stronger pinned than the vortex liquid.
represents the equilibrium magnetization curveTer T This may well be true for the bulk pinning, but the shear
The data shown in Figs. 1-3 demonstrate that the effeanodulus of the vortex lattice is irrelevant for the entry or exit
of pinning is strongly dependent on the direction of the fluxof the vortices across the geometrical barrier. In other words,
motion. The pinning effects are obviously much weaker forif the bulk pinning is weak compared to the pinning arising
the magnetic flux entering the sample. We are not aware dfom the sample edges, which seems to be the case at least
any model that explains this kind of pinning force asymme-for our three examples and possibly many other HTSC's, the
try, if these forces are related to pinning centers in the bullonset of the irreversibility at the mentioned phase transition
of the sample. A reasonable explanation for this type of bedoes not necessarily follow from postulating the melting of
havior might be, however, that in these high quality samplesthe vortex lattice.
the intrinsic pinning is weak and the main obstacle for the With all this in mind, we suggest an alternative cause for
magnetic-flux motion is a barrier near the sample edges, thihe occurrence of the first-order phase transition in the mixed
so-called geometrical barrier. The existence of this type obtate of HTSC'’s. As was argued in Ref. 7, it seems possible
barriers is actually known since the early studies of the inthat in high enough magnetic fields, the mixed state is
termediate state in type-1 superconductors employing a madermed by a system of superconducting filaments embedded
netic powder techniqu¥. These experiments have shown in the matrix of the normal metal instead of the formation of
that the concentration of the normal phase in the intermediat@brikosov vortices. Upon reducing the magnetic field, the
state of type-l superconductors is considerably smaller neaystem of superconducting filaments loses its stability and
the sample edgé$.It was immediately recognized that this must undergo a transition to the traditional mixed state con-
happens because of the nonellipsoidal shape of the sampkasting of Abrikosov vortices in a superconducting matrix.
Indeed, as is well known, if the magnetic susceptibijjtys  This transition requires a complete change of the topology of
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the system, and although it is not exactly a first-order phaseample resistivity should drop with the transition to Abriko-
transition, its principal features will include the occurrencesov vortices. The magnitude of this resistance jump depends
of a latent heat, a discontinuity in the magnetization, andcn the strength of the vortex pinning and, for strong pinning,
hysteresis effects. It should be noted that the sample magn#ie sample resistance may vanish at the transition point.
tization for a mixed state consisting of superconducting fila- As demonstrated above, in a number of cadésl) mea-
ments is always reversible, independent of whether the filasured in increasing magnetic field coincides with the equilib-
ments are pinned or not. In this case, of course, the&ium magnetization curve even in magnetic fields well below
geometrical barrier has no influence on the reversibility ofthe IRL, which is a strong evidence that the geometrical
the sample magnetization. The transition to the traditionabarrier arising near the sample edges is the main obstacle for
mixed state with Abrikosov vortices changes this situationthe motion of magnetic flux. If this is indeed the case, the
completely and, if the vortices are pinnédi,, naturally co- onset of irreversibility and the resistivity jump at the transi-
incides with the phase transitiéh.The same is true with tion point do not necessarily follow from the hypothesis of
respect to the sample resistivity. It is clear that, because thetbe vortex lattice melting. In this sense we also promote an
is no direct superconducting link between one electrode andlternative scenario for explaining the first order phase tran-
the other for the system of superconducting filaments, thaition in the mixed state of HTSC's.
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