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Reversible Magnetization of Irradiated High-Tc Superconductors
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We calculate the free energy and equilibrium magnetization in highly anisotropic lay
superconductors with strong defects produced by irradiation. We account for the entropy associat
different configurations of pancakes inside and outside of strong defects. We show how magnet
measurements provide information on pinning energy and how they determine the magnetic
and temperatures at which pancake vortices are trapped inside strong defects. We discu
the behavior of magnetization which may signal about decoupling of pancakes inside colu
defects. [S0031-9007(96)00692-8]

PACS numbers: 74.60.Ge
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A quest to understand the nature of the vortex stat
highly anisotropic layered materials is one of the m
topical issues in the current study of high temperat
superconductors (HTS). It was proposed that becaus
the weak coupling Abrikosov vortices break up form
ing a set of weakly coupled quasi-two-dimensional l
tice of pancakelike vortices [1,2]. The thermodynam
of the pancake vortices was first discussed by Glazm
and Koshelev [3] who argued the existence of the spe
decoupling temperatureTd in the system of Josephson
coupled pancakes, separating a low-temperature dom
where pancakes form usual vortex lines from the hi
temperature decoupled state, where the coherence in
positions of pancakes along thec direction is lost. Re-
cent neutron structure measurement [4] and measurem
of Josephson plasma resonance [5] suggested that
cakes are positioned randomly along thec axis (do not
form lines) at all temperatures in fields above 0.05 T.
samples with columnar defects the question is whe
such defects help to form lines and pushTd above the
irreversibility line. Moreover, although the concept
pancakes was first introduced to describe propertie
highly anisotropic Bi-2:2:1:2 compound, recent transp
measurements using the dc flux transformer config
tion questioned a linear nature of vortices even in l
anisotropic Y-Ba-Cu-O crystals [6].

Recently, magnetization and transport measuremen
the crystals containing columnar defects were used to c
ify the nature of the vortex state in anisotropic HTS. T
angular dependence of resistivity and flux transformer
periments in samples with columnar defects eviden
that vortices move as linear objects [7–9]. These res
are consistent with the theoretical arguments that col
nar defects effectively enhance coupling between lay
and correlations along thec direction [10].

It is important, however, to compare the results
nonequilibrium properties with the observation of t
thermodynamic properties of highly anisotropic HT
The strongest support for the discrete nature of the p
cake vortices in layered compounds had come from
0031-9007y96y77(5)y936(4)$10.00
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observations of the so-called crossing point in the temp
ature dependence of the magnetization at different m
netic fields applied along thec axis: all these curves
cross at some temperatureTp. At this point magneti-
zation becomes field independent because the loga
mic field dependence of the mean field magnetization
canceled by the same logarithmic dependence in the
tropy contribution of pancakes decoupled along thec axis
[11–13]. Recently, the reversible magnetization measu
ments were performed in crystals with columnar defe
for Bi-2:2:1:2 by van der Beeket al. [14] and for c-
axis oriented Bi-2:2:2:3 tapes by Qiang Liet al. [15].
The crossing point behavior was found in these syste
in magnetic fields below and above the matching fie
but not near the matching field. It is also observed t
near the matching field, magnetization exhibits an anom
lous dip corresponding to the expulsion of vortices fro
the sample.

The authors of Refs. [14,15] described the experimen
data for reversible magnetization omitting entropy cont
bution to the free energy. In this Letter we investiga
the behavior of the reversible magnetization in layer
HTS accounting for entropy associated with different co
figurations of pancakes. We assume that the interac
of the pancakes is very weak in the temperature int
val under consideration and that they can be treated
uncorrelated along thec axis. The model we adapt i
complimentary to that explored in Ref. [16], where vo
tex lines were found to form a low temperature Bos
glass phase with vortex lines localized near columnar
fects. In our model of uncorrelated pancakes we calcu
the free energy of the system of pancakes in the Lond
regime,Hc1 ø B ø Hc2, in the presence of columnar
splayed, or pointlike strong defects produced by irrad
tion. We show that well below and above matching fie
entropy contribution leads to the crossing point behav
of magnetization but near the matching field the numb
of the available states inside strong defects produced
irradiation is restricted, pancake entropy contribution
suppressed, and the crossing point disappears. We s
© 1996 The American Physical Society
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also how information on pancake arrangement may be
tained from magnetization measurements.

To construct our model we accept that only o
pancake can be trapped by the strong pointlike pinn
site corresponding to either the strong point defect
the intersection of the heavy ion track with the give
layer. This description follows immediately from th
results of Ref. [17] that the pinning energy of a vorte
inside a hollow cylindrical channel, which models defec
produced by irradiation, drops dramatically for a numb
of flux quanta bigger than one. The concentration
sites available for pancakes is thenBfyF0s, whereBf

is the matching field (Bf ø Hc2) ands is the interlayer
spacing. The energy of a pancake trapped inside a de
we denote by2ep, assuming that all defects are identica
We measure this energy relative to that of a panca
situated far outside of the defect. The pinning ener
ep ø e0, where e0 ­ F

2
0sy16p2l

2
ab ; see Refs. [16,17].

Pancakes may also occupy positions outside defects (
pancakes). The number of states for free pancakes
unit volume we denote byBfyF0s, whereBf is of the
order Hc2 as was supposed in Ref. [12] and calculat
as Bf ­ Hc2sT d fe0sT dy2T g by Koshelev [18]. Again,
each such state may be occupied by a single vor
only. The energy of pancakes in such states we t
as zero, ignoring the effect of weak pointlike defects
comparison with those produced by irradiation.

The entropy corresponding to a distribution of pancak
between defects and sites outside of defects is determ
by the occupation numbersnt andnf , respectively. The
entropy per unit volume is given by an expression whi
corresponds to the statistics of fermions because each
may be occupied by a single vortex only,

S snt , nfd ­ 2sBfyF0sd fnt lnnt 1 s1 2 ntd lns1 2 ntdg
2 sBfyF0sd fnf lnnf 1 s1 2 nfd lns1 2 nf dg.

(1)

The occupation numbersnt andnf satisfy the condition

Bfnt 1 Bfnf ­ B . (2)

For pancake interaction we use the standard mean fi
energy in the London regime

FintsBd ­ se0By2F0sd lnshHc2yBd, (3)

whereh is a numerical parameter of the order unity.
this approximation energy depends on the concentra
but not on the arrangement of pancakes. Thus,
ignore the Josephson interaction of pancakes as w
as the correlation part of magnetic pancake-panc
interaction. Later we will discuss the errors caused
this approximation.

The total free energy functional of the system is

F snt , nfd ­ FintsBd 2 sBfyF0sdepnt 2 TS snt , nfd.
(4)

The equilibrium values ofnt and nf are determined by
minimization of the functional (4) with respect tont and
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nf under the condition (2). Thus we minimize

FsB, nt , nf , md ­ F snt , nfd 2 smyF0sd
3 sBfnt 1 Bfnf 2 Bd (5)

with respect tont and nf and then findm using Eq. (2).
The equilibrium occupation numbers are given by t
Fermi distribution function,

nf ­ hexpfsem 2 mdyT d 1 1j21, (6)

nt ­ hexpfs2ep 1 em 2 mdyT g 1 1j21, (7)

where em ­ se0y2d lnshHc2yBd is the mean field mag-
netic energy of pancake. The chemical potential is de
mined by Eq. (2) withnt, nf given by Eqs. (6) and (7).
We obtain

m ­ em 2 T lnfhb21su 1
p

u2 1 pb dg, (8)

u ­ f1 1 s1 2 bdpgy2, p ­ h21 expsepyT d. (9)

Here b ­ ByBf and h ­ BfyBf are the ratios of sites
available outside of defects to those inside. Magnetizat
is given by the relation

M ­ 2≠Fy≠B ­ 2myF0s , (10)

because it characterizes the change of the free energy
respect to magnetic field (concentration of pancakes).
first term in the right-hand side of Eq. (8) leads to t
usual mean field magnetization originating from vort
repulsion, while the second term accounts for pinni
and fluctuations in pancake positions. This term resu
in a positive contribution to magnetization because b
pinning and entropy favor the creation of vortices.

The pinning ability of defects produced by irradiatio
is determined by the ratio of trapped and free vortices,

Asb, pd ­
Bfnt

Bfnf
­

su 1
p

u2 1 pb dp
su 1

p
u2 1 pb d 1 pb

, (11)

where small termbyh is omitted. We getA ø p at
p ¿ 1 and for b ø 1, while A ø p

p for b ­ 1 and
A vanishes as1ysb 2 1d at b ¿ 1. Pinning is effective
if p ¿ 1. We can estimateh to be in the interval
20–80 depending onBf and temperature. Thus, pinnin
is effective atB & Bf if the pinning energyepsT d * 4T .

Let us discuss the condition under which we can
nore the Josephson interaction in the case of colum
or splayed defects. The energy of Josephson coup
per unit volume lost if pancakes are sitting random
(do not form lines along defects) isDFJ ­ e0y2p2l

2
Js,

where lJ ­ gs is the Josephson length andg is the
anisotropy ratio. The gain in the free energy due
the increase of entropy for random distribution atb ø

1 is DFS ø sTByF0sd lnseybd. We estimate the ra-
tio DFJyDFS ø se0y2p2T d sF0yl

2
JBdy lnseybd , 0.1 at

T ­ 20 K, B . 0.1 T, and b ­ 0.1 for Bi-2:2:1:2 with
g ø 300, lab ­ 1700 Å, ands ­ 15.6 Å. Thus, we can
937
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ignore the Josephson coupling of pancakes in a q
broad temperature interval when calculating equilibri
magnetization. It is more difficult to estimate accurat
the magnetic correlation energy of pancakes, i.e., to
beyond the mean field approach leading to Eq. (3). F
our estimate of the Josephson interaction one can ass
that the magnetic interaction may be responsible for
formation of lines inside columnar or splayed defects
such a transition occurs.

For unirradiated samples (ep ­ 0) we obtain the result

Mun ­ 2
e0

2F0s
ln

hHc2

eBfb
1

T
F0s

ln
h
b

(12)

found previously in Ref. [12]. This leads to a fie
independent slope of the magnetization curve vs lnB,

≠Muny≠ lnB ­ fs1y2de0sT d 2 TgyF0s . (13)

Mun becomes field independent at the temperatureT ­
T p

un determined by the conditione0sT d ­ 2T . This leads
to the crossing of all curvesMunsTd for different B at the
same temperatureT ­ Tp

un. Magnetization at this cross
ing point is Mp

un ­ Tp
unyF0s; see Ref. [13]. The facto

F0s in Eq. (13) and in the following may be express
via the experimentally obtained valueTp

unyMp
un. We ob-

tain Tp
un ­ Tc0f1 2 2Tc0ye0s0dg because of the relatio

e0sT d ~ l
22
ab sTd ­ l

22
ab s0d s1 2 TyTc0d, whereTc0 is the

mean field critical temperature.
Next we discuss the behavior of magnetization

irradiated samples,Mir sB, T d, determined by Eq. (10).
In the low-field regime,B ø Bf, we get

Mir ­ 2
e0

2F0s
ln

hHc2

eBfb
1

T
F0s

ln
hsp 1 1d

b
. (14)

The slope ≠Miry≠ lnB is again determined by th
right-hand side of Eq. (13), though the valuee0sT d may
be different, because irradiation suppressesTc0 and the
density of superconducting electrons which determi
l

22
ab s0d. There is again the crossing point in the low-fie

regime atT ­ Tp
ir . The difference

DTp ­ Tp
ir 2 Tp

un ­ DTc0 2 f2T2
c0ye2s0dgDe0s0d (15)

may be positive or negative depending on what effec
stronger: suppression ofTc0 or l

22
ab s0d.

The important point is that the entropy contribution
the free energy is significant and leads to the cross
point if almost all possible configurations of pancak
inside defects contribute to the entropy. If panca
form straight lines inside columnar or splayed defects,
entropy is not proportional to the thickness of the sam
and may be neglected. In this case magnetization is g
by Eq. (10) withm ­ ep.

The observation of crossing point [14,15] at low fiel
means that atT ­ Tp pancakes are positioned random
in irradiated Bi-2:2:1:2 and Bi-2:2:2:3. In principle
they can align at some lower temperatureTdsBd. Such
a transition driven by competition between magne
938
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correlation energy and entropy may result in the chan
of magnetization,DM, of the orderMp

irTdyTp
ir , though a

numerical coefficient may be small. It may result also
the change of slope in the field dependence of magn
zation, Ds≠Miry≠ lnBd ø TdyF0s, at B ­ Bd. Anoma-
lies of this type were not observed in Refs. [14,15
If observed, they would signal the thermodynam
coupling transition in samples with columnar or splay
defects produced by irradiation. Recently, a sha
dynamic coupling transition was observed in flu
transformer transport measurements in Bi-2:2:1:2 w
columnar defects by Seowet al. [9], and the question
is if this transition will be seen in reversible magnetiz
tion measurements.

Near the fieldBf, our model implies that a transition
occurs between a state at low fields where panca
are mobile but randomly distributed among the column
sites, and one at high fields where they sit predominan
in regions between the columnar sites. NearBf, the
entropy associated with distribution of pancakes amo
the defects is reduced by the approach of full occupan
Here the entropy gain that can be obtained from
occupancy of the interdefect regions drives this transiti
To show interplay between pinning and entropy
us consider the result used in Refs. [14,15] witho
taking entropy into consideration,Mir ­ sep 2 emdyF0s
at B , Bf and Mir ­ 2emyF0s at B . Bf. In this
approach≠Miry≠ lnB is positive independent of tempera
ture, and defects result in the jump of magnetizatio
epyF0s, at B ­ Bf. Entropy contribution leads to a sig
change of≠Mir y≠ lnB at T ­ T p and smooths the jump.

In the high-field regime,Bf ø B ø Hc2, we obtain
from Eq. (10) the same result as for the unirradiat
sample because the main part of pancakes sit outsid
strong defects. However, this regime may be achiev
only at low enough temperatures becauseHc2sT d drops
with temperature whileBf remains constant. NearTc in
strong fields the lowest Landau level approximation m
be used [13], but such an approach was not modified
to account for strong pinning centers.

The simplest procedure to obtain the parameterp from
experimental data is to fit the difference betweenMir and
magnetizationM̃ir which is a linear extrapolation ofMir

vs lnb, Eq. (14), from regionb ø 1 to higher fields,

Mir 2 M̃ir

Mp
ir

T p
ir

T
­ fsb, pd ­ ln

u 1
p

u2 1 pb

1 1 p
, (16)

whereu is given by Eq. (9).
We note that our model is oversimplified in tw

main aspects. First, it assumes all pinning centers to
identical, while in reality there is distribution of pinnin
energy due to variation in defect size. It leads to t
smoothing of change in magnetization nearBf. Second,
the model does not take into account the correlat
energy of pancake interaction. It is unclear now how t
effect may change the field dependence of magnetizat
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FIG. 1. The functionfsbd given by Eq. (16) atp ­ 1220
and experimental data for the left-hand side of Eq. (16)
Bi-2:2:2:3 tapes at 80 K and matching field 1.28 T; see text.

The functionfsbd at p ­ 1200 and experimental data
of Qiang Li et al. [15] for sMir 2 M̃ir dTp

iryMp
irT in

Bi-2:2:2:3 atT ­ 80 K and Bf ­ 1.28 T are shown in
Fig. 1. Respectively, the dependence ofMir sbd is shown
in Fig. 2. The shift in the drop of experimentally foun
magnetization to lower fields in comparison with the
retical prediction seems to be caused by the distri
tion of pinning energy. Takingh ø 30 we estimate
ep ø 1000 K at T ­ 80 K which is in rough agreemen
with estimateep ø e0. For the Bi-2:2:1:2 sample with
Bf ­ 1 T studied by van der Beeket al. [14] we esti-
matep ø 10 at T ­ 74 K.

In conclusion, we propose the model which allows us
estimate quantitatively the effect of strong pinning cent
produced by irradiation on the thermodynamics of t
vortex state. We show how the parameterp describing
trapping ability of pinning centers may be obtained fro

FIG. 2. Field dependence of reversible magnetization in ir
diated superconductor: theoretical curves, Eq. (10), withp ­
765 and 1220 and experimental data for Bi-2:2:2:3 tape at 90
and 80 K at matching field 1.28 T; see text.
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magnetization measurements. We argue that experime
results [14,15] for reversible magnetization in irradiat
samples of Bi-2:2:1:2 and Bi-2:2:2:3 show that panca
vortices atBf ­ 1 T do not form lines at temperature
above 70 K and magnetic fields above 0.1 T. We prop
to observe the aligning of pancakes above irreversibi
(if it occurs) by magnetization measurements.
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