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Equilibrium magnetization of high- Tc superconductors below the irreversibility line
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By scaling isothermal magnetization data measured at different temperatures in the mixed state of high-Tc

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 magn
zation in high-Tc superconductors~HTSC’s! is that there is
an extended range of external magnetic fieldsH below the
upper critical fieldHc2, where the sample magnetizationM
is reversible,1 i.e., where the values ofM measured in eithe
increasing or decreasing magnetic fields coincide. The lo
boundary of this range is the so-called irreversibility li
~IRL! in the H-T phase diagram and the values ofM mea-
sured above the IRL represent the equilibrium magnetiza
Meq . There is no reliable way to evaluateMeq from the
experimental data below the IRL without some addition
knowledge about the pinning mechanisms in the particu
sample under investigation. Although different varieties
the critical-state model are often used for the analysis
experimental results, their applicability is very rarely jus
fied and, therefore, the results of those analyses are not
able. For instance, the simplest and most widely u
critical-state model of Bean is based on the assumption
the critical current densityj c is independent of the magnet
induction.2,3 Experiments show, however, thatj c in HTSC’s
strongly depends on the applied magnetic field; i.e., the B
model is not really valid for describing the critical state
these materials. It has also been demonstrated that the
librium magnetization curves derived from magnetizati
data obtained below the IRL by employing the Bean mo
do not really representMeq .4 In this work, we demonstrate
how a scaling procedure, recently developed in Ref. 5~see
also Refs. 6 and 7!, may successfully be used for the analy
of experimental magnetizationM (H) curves below the IRL
and how, as a consequence, important information conc
ing the effective pinning of vortices may be obtained.

The scaling procedure is based on the single assump
that the Ginzburg-Landau~GL! parameterk is temperature
independent. In this case, the magnetic susceptibility o
superconductor in the mixed statex(H,T) is a universal
function ofH/Hc2(T) and the relation between the magne
zations at two different temperaturesT andT0 may be writ-
ten as

M ~H/hc2 ,T0!5M ~H,T!/hc2 , ~1!

with hc25Hc2(T)/Hc2(T0) being the normalized upper criti
cal field. Considering real HTSC’s, we also have to take i
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account the temperature-dependent paramagnetic suscep
ity xn of the normal vortex cores which, according to Ref.
leads to the relation

Me f f~H/hc2 ,T0!5M ~H,T!/hc22c0~T!H, ~2!

with c0(T)5xn(T0)2xn(T). Equation~2! implies that the
field dependence of the sample magnetizationM (H) at a
chosen temperatureT0 may be obtained fromM (H) curves
measured at different temperatures. The collapse of thes
dividual M (H) curves onto a single master curve may
achieved by a suitable choice ofhc2(T) andc0(T), the ad-
justable parameters of the scaling procedure. The sca
procedure is only applicable to magnetization data collec
above the IRL. In this case,Me f f(H)5Meq(H,T0). At the
same time, oncehc2(T) andc0(T) have been established i
the chosen range of temperatures, the transformation g
by Eq. ~2! may also be applied to magnetization data m
sured below the IRL. Because of the onset of irreversibil
Me f f(H,T0) generally no longer representsMeq(H,T0).
However, as will be shown below, a surprising asymmetry
the Me f f curves, calculated fromM (H) data taken in in-
creasing and decreasing fields, with respect to the equ
rium magnetization curve offers to achieve important conc
sions concerning the effective pinning mechanism.

The condition thatx(H,T) depends only on the ratio
H/Hc2(T), which is the essential background of the scali
procedure, remains valid for any configuration of the mix
state. The vortices may form a vortex lattice, a vortex liqu
or, as has recently been proposed, a system of supercon
ing filaments embedded in the matrix of the normal meta7

This circumstance provides the possibility to use the sca
procedure even if there is a step in theM (H) curves, mark-
ing the so-called first-order phase transition in the mix
state of HTSC’s, which usually is attributed to the melting
the vortex lattice.8–12Although the vortex lattice melting rep
resents a rather plausible hypothesis, to the best of
knowledge, there is no direct experimental evidence for t
claim. For our discussion, however, the real nature of
phase transition does not need to be known. It is only imp
tant that in theH-T phase diagram there is a bounda
HPT(T) between two possible configurations of the mix
state. In this case, at a fixed temperature and with increa
magnetic field, a phase transition leads from one configu
©2003 The American Physical Society05-1
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tion ~low-field phase! to the other~high-field phase!. By
Meq

( l )(H) and Meq
(h)(H) we denote the equilibrium field

induced variations ofM in the low-field and high-field
phases, respectively. An example is shown in the inset of
1~a!.13 Of course,Meq

( l )(H) andMeq
(h)(H) do not coincide, but

they both should scale with the same values ofhc2(T) and
c0(T). In this work we concentrate on the features of t
magnetization curves distinctly above and below the ph
transition. A detailed analysis of the magnetization very clo
to the phase transition will be published elsewhere.

Below we consider results of the magnetization measu
ments for three Bi2Sr2CaCu2O81x ~Bi-1, Bi-2, and Bi-3!
single crystals that were reported in Refs. 14, 15, and
respectively. In all three cases only the magnetization d
from above the IRL were used to establish the parame
hc2(T) andc0(T).

Figure 1 showsMe f f(H,T0) data for the sample Bi-1. A
T>60 K the IRL line for this sample is substantially belo
HPT(T).14 The scaled magnetization curves above the ph
transition are depicted in Fig. 1~a!. Because these data we
collected above the IRL, the resulting curve in Fig. 1~a! rep-
resents the equilibriumMeq

(h)(H) curve for T0570 K. The
magnetization data collected below the phase transition
shown in Fig. 1~b!. The magnetization of this sample me

FIG. 1. Me f f(H,T0) for sample Bi-1@original M (H) data taken
from Ref. 14!#, ~a! above and~b! below the first-order transition
The open symbols mark the end points of the covered field rang
the indicated temperatures. The inset illustrates the definition
Meq

(h) andMeq
( l ) , taking theM (H) curve atT570 K as an example

The Me f f(H,T0) curves were calculated using Eq.~2! with T0

570 K ~see text!.
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g.

e
e

e-

6,
ta
rs

se

re

sured at temperatures of 70 K and 75 K is reversible in
entire covered range of fields and, therefore, the correspo
ing curves in Fig. 1~b! represent theMeq

( l )(H,T0) curve. The
merging of the individualM (H) curves toMeq

(h)(H,T0) and
Meq

( l )(H,T0), as displayed in Figs. 1~a! and 1~b!, was
achieved with the same values ofhc2(T) andc0(T) on both
sides of the transition, thus confirming our claim above. A
though the magnetization atT<65 K is irreversible in low
magnetic fields, theMe f f(H) curves calculated from the
magnetization data measured in increasing magnetic fiel
60 and 65 K merge into the equilibrium magnetization cur
in magnetic fields considerably below the corresponding v
ues of the irreversibility fieldHirr . This is obviously not the
case forMe f f(H,T0) calculated fromM (H) data taken in
decreasing field, revealing an asymmetry of the magnet
tion process.

Analogous results for the sample Bi-2 are shown in Fig
In contrast to the previous case,Hirr (T) for sample Bi-2 is
practically identical withHPT(T), marking the phase transi
tion, at all temperatures.15 Because the relative magnet
field range covered in Ref. 15 is extremely wide, accur
and reliable values ofhc2(T) andc0(T) were obtained. As is
demonstrated in Fig. 2~a!, the scaling procedure results in
perfect overlap of theM (H) curves above the IRL and de
viations between the data measured at different temperat
are of the order of the width of the line. Figure 2~b! empha-
sizes the features ofMe f f(H,T0) below the transition. Simi-

at
of

FIG. 2. ~a! Me f f(H,T570 K) for sample Bi-2~original data
taken from Ref. 15!, above the phase transition.~b! Me f f(H,T
570 K) below the phase transition. TheMe f f(H,T0) curves were
calculated using Eq.~2! ~see text!.
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lar to the previous case, theMe f f(H,T0) curves calculated
from the measurements in increasing field atT>55 K coin-
cide already in a magnetic field range which extends to s
stantially belowHirr . This is only possible if each of the
coinciding parts of the curves is calculated from the equi
rium magnetizations at the respective temperatures. Ag
due to irreversibility, theMe f f(H) curves deviate from the
equilibrium magnetization curve at lower temperatures,
these deviations are again noticeably smaller for the m
surements made in increasing field than for those made
decreasing field.

A third set of data is shown in Fig. 3. For this plot w
have chosen only theM (H) data measured at several tem
peratures rather close to the critical temperatureTc . Al-
though the first order phase transition clearly manifests it
on the magnetization curves at lower temperatures,16 it is
practically invisible in this high-temperature range. As m
be seen in Fig. 3, theMe f f(H) curves, calculated from the
measurements in increasing field, all merge in the entire c
ered ranges of fields, thus clearly indicating that this cu
represents the equilibrium magnetization curve forT5T0.

The data shown in Figs. 1–3 demonstrate that the ef
of pinning is strongly dependent on the direction of the fl
motion. The pinning effects are obviously much weaker
the magnetic flux entering the sample. We are not awar
any model that explains this kind of pinning force asymm
try, if these forces are related to pinning centers in the b
of the sample. A reasonable explanation for this type of
havior might be, however, that in these high quality samp
the intrinsic pinning is weak and the main obstacle for
magnetic-flux motion is a barrier near the sample edges,
so-called geometrical barrier. The existence of this type
barriers is actually known since the early studies of the
termediate state in type-I superconductors employing a m
netic powder technique.17 These experiments have show
that the concentration of the normal phase in the intermed
state of type-I superconductors is considerably smaller n
the sample edges.18 It was immediately recognized that th
happens because of the nonellipsoidal shape of the sam
Indeed, as is well known, if the magnetic susceptibilityx is

FIG. 3. Me f f(H,T0) curves calculated using Eq.~2! with T0

581 K ~see text! for sample Bi-3. OriginalM (H) data are taken
from Ref. 16. The symbols mark the end points of the covered fi
ranges at the indicated temperatures.
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nonzero, the magnetic inductionB is uniform only in ellip-
soidal samples.20 In superconducting samples this nonunifo
mity of B is magnified by a strong dependence ofx on the
magnetic induction. The resulting distribution of shieldin
currents effectively pushes the normal domains in the in
mediate state of type-I superconductors as well as vortice
the mixed state of type-II superconductors towards the ce
of the sample. It was also demonstrated that this edge ba
for the flux motion in type-I superconductors may substa
tially be reduced by proper shielding of the sample edge21

or by altering the sample shape.19 The importance of this
edge barrier for correct interpretations of experimental d
was also recognized for HTSC’s.22–24

The geometrical barrier reaches its maximum height v
close to the sample edges and the corresponding pote
decreases only gradually towards the center of the samp22

This asymmetry of the potential profile implies the corr
sponding asymmetry of its effect on the vortex motion. T
geometrical barrier naturally represents a stronger obst
for the vortex motion out of the sample because it keeps
vortices at some considerable distance from the sample e
and, therefore, thermal activation is ineffective for the exit
vortices. Because of the proximity of the potential maximu
to the sample edges, the thermally activated entrance of
tices is much more likely than their exit. This simple mod
explains why the data presented in Figs. 1–3 are consis
with the assumption that the pinning in the bulk of th
sample is negligible and that the irreversibility of the ma
netization is due to the mentioned geometrical barrier. B
cause the height of the geometrical barrier is strongly dep
dent on the shape of the sample edges, it may v
significantly from sample to sample.

In many experimental studies, including that of Ref. 1
the irreversibility line in theH-T phase diagram practically
coincides with the line marking the first-order phase tran
tion. The standard interpretation of this onset of irreversib
ity rests on the nonzero shear modulus of the vortex latt
causing it to be much stronger pinned than the vortex liqu
This may well be true for the bulk pinning, but the she
modulus of the vortex lattice is irrelevant for the entry or e
of the vortices across the geometrical barrier. In other wo
if the bulk pinning is weak compared to the pinning arisi
from the sample edges, which seems to be the case at
for our three examples and possibly many other HTSC’s,
onset of the irreversibility at the mentioned phase transit
does not necessarily follow from postulating the melting
the vortex lattice.

With all this in mind, we suggest an alternative cause
the occurrence of the first-order phase transition in the mi
state of HTSC’s. As was argued in Ref. 7, it seems poss
that in high enough magnetic fields, the mixed state
formed by a system of superconducting filaments embed
in the matrix of the normal metal instead of the formation
Abrikosov vortices. Upon reducing the magnetic field, t
system of superconducting filaments loses its stability a
must undergo a transition to the traditional mixed state c
sisting of Abrikosov vortices in a superconducting matr
This transition requires a complete change of the topology

ld
5-3
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the system, and although it is not exactly a first-order ph
transition, its principal features will include the occurren
of a latent heat, a discontinuity in the magnetization, a
hysteresis effects. It should be noted that the sample ma
tization for a mixed state consisting of superconducting fi
ments is always reversible, independent of whether the
ments are pinned or not. In this case, of course,
geometrical barrier has no influence on the reversibility
the sample magnetization. The transition to the traditio
mixed state with Abrikosov vortices changes this situat
completely and, if the vortices are pinned,Hirr naturally co-
incides with the phase transition.25 The same is true with
respect to the sample resistivity. It is clear that, because t
is no direct superconducting link between one electrode
the other for the system of superconducting filaments,
tt

.

.
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i
s
n
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sample resistivity should drop with the transition to Abrik
sov vortices. The magnitude of this resistance jump depe
on the strength of the vortex pinning and, for strong pinnin
the sample resistance may vanish at the transition point.

As demonstrated above, in a number of casesM (H) mea-
sured in increasing magnetic field coincides with the equi
rium magnetization curve even in magnetic fields well bel
the IRL, which is a strong evidence that the geometri
barrier arising near the sample edges is the main obstacl
the motion of magnetic flux. If this is indeed the case, t
onset of irreversibility and the resistivity jump at the tran
tion point do not necessarily follow from the hypothesis
the vortex lattice melting. In this sense we also promote
alternative scenario for explaining the first order phase tr
sition in the mixed state of HTSC’s.
-
p.

and
21.
9.

er,

.

.

it,

be
1K. A. Müller, M. Takashige, and J. G. Bednorz, Phys. Rev. Le
58, 1143~1987!.

2C. P. Bean, Phys. Rev. Lett.8, 250 ~1962!.
3C. P. Bean, Rev. Mod. Phys.36, 31 ~1964!.
4I. L. Landau and H. R. Ott, cond-mat/0209684, Physica C~to be

published!.
5I. L. Landau and H. R. Ott, Phys. Rev. B66, 144506~2002!.
6I. L. Landau and H. R. Ott, J. Low Temp. Phys.130, 287 ~2003!.
7I. L. Landau and H. R. Ott, J. Phys.: Condens. Matter14, 144506

~2002!.
8H. Pastoriza, M. F. Goffman, A. Arribe´re, and F. de la Cruz, Phys

Rev. Lett.72, 2951~1994!.
9R. Liang, D. A. Bonn, and W. N. Hardy, Phys. Rev. Lett.76, 835

~1996!.
10U. Welp, J. A. Fendrich, W. K. Kwok, G. W. Crabtree, and B. W

Veal, Phys. Rev. Lett.76, 4809~1996!.
11A. Schilling, R. A. Fisher, N. E. Phillips, U. Welp, D. Dasgupt

W. K. Kwok, and G. W. Crabtree, Nature~London! 382, 701
~1996!.

12R. Roulin, A. Junod, and E. Walker, Science273, 1210~1996!.
13In HTSC samples, in which the first-order phase transition

observed, the IRL in theH-T phase diagram either coincide
with theHPT(T) curve or lies below it, apparently depending o
the sampe quality. Only ifHirr (T),HPT(T), as is the case for
the data shown in the inset of Fig. 1~a!, mayMeq

( l )(H) be derived
directly from experimental measurements.
.

s

14K. Kimura, R. Koshida, W. K. Kwok, G. W. Crabtree, S. Oka
yasu, M. Sataka, Y. Kazumata, and K. Kadowaki, J. Low Tem
Phys.117, 1471~1999!.

15K. Kimura, S. Kamisawa, and K. Kadowaki, Physica C357–360,
442 ~2001!.

16K. Kadowaki and K. Kimura, Phys. Rev. B57, 11 674~1998!.
17Yu. V. Sharvin, Zh. E´ksp. Teor. Fiz.33, 1341~1957! @Sov. Phys.

JETP6, 1031~1958!#.
18These observations, unfortunately, have never been published

only a brief discussion on this matter may be found in Ref.
Illustrative images of this effect, however, are given in Ref. 1

19H. Castro, B. Dutoit, A. Jacquier, M. Baharami, and L. Rinder
Phys. Rev. B59, 596 ~1999!.

20W. Thompson and P. G. Tait,Treatise on Natural Philosophy, 2nd
ed. ~Cambridge University Press, Cambridge, 1883!, Pt. ii, Vol.
i; A. H. Morrish, The Physical Principles of Magnetism~Wiley,
New York, 1965!.

21Yu. V. Sharvin and I. L. Landau, Zh. E´ksp. Teor. Fiz.58, 1943
~1970! @Sov. Phys. JETP31, 1047~1970!#.

22E. Zeldov, A. I. Larkin, V. B. Geshkenbein, M. Konczykowski, D
Majer, B. Khaykovich, V. M. Vinokur, and H. Shtrikman, Phys
Rev. Lett.73, 1428~1994!.

23M. Benkraouda and John R. Clem, Phys. Rev. B53, 5716~1996!.
24C. J. van der Beek, M. V. Indenbom, G. D’Anna, and W. Beno

Physica C258, 105 ~1996!.
25In samples with weak vortex pinning, the IRL may, of course,

shifted such thatHirr (T),HPT(T).
5-4


