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

PACS numbers: 74.60.Ge

A quest to understand the nature of the vortex state imbservations of the so-called crossing point in the temper-
highly anisotropic layered materials is one of the mostature dependence of the magnetization at different mag-
topical issues in the current study of high temperaturenetic fields applied along the axis: all these curves
superconductors (HTS). It was proposed that because afoss at some temperatui®&. At this point magneti-
the weak coupling Abrikosov vortices break up form-zation becomes field independent because the logarith-
ing a set of weakly coupled quasi-two-dimensional lat-mic field dependence of the mean field magnetization is
tice of pancakelike vortices [1,2]. The thermodynamicscanceled by the same logarithmic dependence in the en-
of the pancake vortices was first discussed by Glazmatropy contribution of pancakes decoupled alongdteis
and Koshelev [3] who argued the existence of the specififl1-13]. Recently, the reversible magnetization measure-
decoupling temperatur@, in the system of Josephson- ments were performed in crystals with columnar defects
coupled pancakes, separating a low-temperature domafor Bi-2:2:1:2 by van der Beelet al.[14] and for c-
where pancakes form usual vortex lines from the highaxis oriented Bi-2:2:2:3 tapes by Qiang Et al.[15].
temperature decoupled state, where the coherence in thiée crossing point behavior was found in these systems
positions of pancakes along thedirection is lost. Re- in magnetic fields below and above the matching field,
cent neutron structure measurement [4] and measuremeriigt not near the matching field. It is also observed that
of Josephson plasma resonance [5] suggested that pamear the matching field, magnetization exhibits an anoma-
cakes are positioned randomly along theaxis (do not lous dip corresponding to the expulsion of vortices from
form lines) at all temperatures in fields above 0.05 T. Fothe sample.
samples with columnar defects the question is whether The authors of Refs. [14,15] described the experimental
such defects help to form lines and pugh above the data for reversible magnetization omitting entropy contri-
irreversibility line. Moreover, although the concept of bution to the free energy. In this Letter we investigate
pancakes was first introduced to describe properties dhe behavior of the reversible magnetization in layered
highly anisotropic Bi-2:2:1:2 compound, recent transportHTS accounting for entropy associated with different con-
measurements using the dc flux transformer configurafigurations of pancakes. We assume that the interaction
tion questioned a linear nature of vortices even in les®f the pancakes is very weak in the temperature inter-
anisotropic Y-Ba-Cu-O crystals [6]. val under consideration and that they can be treated as

Recently, magnetization and transport measurements amcorrelated along the axis. The model we adapt is
the crystals containing columnar defects were used to clacomplimentary to that explored in Ref. [16], where vor-
ify the nature of the vortex state in anisotropic HTS. Thetex lines were found to form a low temperature Bose
angular dependence of resistivity and flux transformer exglass phase with vortex lines localized near columnar de-
periments in samples with columnar defects evidencefects. In our model of uncorrelated pancakes we calculate
that vortices move as linear objects [7—9]. These resultthe free energy of the system of pancakes in the London
are consistent with the theoretical arguments that colunmregime, H.; < B < H,,, in the presence of columnar,
nar defects effectively enhance coupling between layersplayed, or pointlike strong defects produced by irradia-
and correlations along thedirection [10]. tion. We show that well below and above matching field

It is important, however, to compare the results onentropy contribution leads to the crossing point behavior
nonequilibrium properties with the observation of theof magnetization but near the matching field the number
thermodynamic properties of highly anisotropic HTS. of the available states inside strong defects produced by
The strongest support for the discrete nature of the parnrradiation is restricted, pancake entropy contribution is
cake vortices in layered compounds had come from theuppressed, and the crossing point disappears. We show
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also how information on pancake arrangement may be obz; under the condition (2). Thus we minimize
tained from magnetization measurements.

To construct our model we accept that only one OB, ninp, ) = Fnsng) = (/Pos)
p_ancake can t:jg trappeq hby tr;]e strong pointlikg ?inning X (Bgn; + Bgng — B) (5)
site corresponding to either the strong point defect or . , .
the intersection of the heavy ion track with the given%‘/;]th resp.le;gt.tom andn; a}nd thenglnd,u using EQ. t(JZ). h
layer. This description follows immediately from the e equilibrium occupation numbers are given by the

results of Ref. [17] that the pinning energy of a vortex " €rmi distribution function,

inside a hollow cylindrical channel, which models defects ny = {exd(e, — w)/T) + 1}, (6)
produced by irradiation, drops dramatically for a number .
of flux quanta bigger than one. The concentration of n = {exd(—e, + €n — p)/T1+ 1}, (7)

sites available for pancakes is th@y/®,s, where By

is the matching field 8, < H.,) ands is the interlayer where e, = (€/2)In(nHc>/B) is the mean field mag-

- A netic energy of pancake. The chemical potential is deter-
spacing. The energy of a pancake trapped inside a defe ined by Eq. (2) withe,, n, given by Egs. (6) and (7).
we denote by-¢,, assuming that all defects are identicaI.We obtain o

We measure this energy relative to that of a pancake

situated far outside ofzthe defegt. The pinning energyu = €,, — T In[hb "' (u + Vu? + pb)], (8)

€, =~ €0, Where ey = ®ys/1672\y,; see Refs. [16,17]. B B o

Pancakes may also occupy positions outside defects (freé — 1+ 0 =b)pl2. p=h"exple,/T). (9)
pancakes). The number of states for free pancakes pefere p = B/B4 andh = B;/By are the ratios of sites

unit volume we denote by,/®os, whereBy is of the  available outside of defects to those inside. Magnetization
order H., as was supposed in Ref. [12] and calculateds given by the relation

as By = H.o(T)[€o(T)/2T] by Koshelev [18]. Again,
each such state may be occupied by a single vortex M= —-d®/IB = —pu/Pos, (10)

only. The energy of pancakes in such states we t"’.IKSecause it characterizes the change of the free energy with

as zero, ignoring the effect of weak pointlike defects Inrespect to magnetic field (concentration of pancakes). The

comparison with those produced by irradiation. first term in the right-hand side of Eq. (8) leads to the
The entropy corresponding to a distribution of pancake ual mean field magnetization originating from vortex

between defects and sites outside of defects is determin?g

by the occupation numbers and respectively. The pulsion, while the second term accounts for pinning
y P & A P Y. and fluctuations in pancake positions. This term results

entropy per unit volumg IS given by. an expression Wh'crﬁn a positive contribution to magnetization because both
corresponds to the statistics of fermions because each Stabtl%ning and entropy favor the creation of vortices

may be occupied by a single vortex only, The pinning ability of defects produced by irradiation
S(ing) = =(By/Pos) [n,Inn, + (1 — n)In(l — n)] s determined by the ratio of trapped and free vortices,

— (Bs/Dgs)[nrInne + (1 —ns)In(1 — ne)l.
/20 ring f }El) Alb.p) Bgn, _ (u + ,2/142 + pb)p . an
Byng (u + Ju? + pb) + pb

The occupation numbers andn, satisfy the condition

B + B —B. 2 where small termb/h is qmitted. We getd = p at

Tl I @) _Ip>>1andforb<<1,wh|IeAz\/ﬁforb=1and

For pancake interaction we use the standard mean fielg \,anishes ad/(b — 1) ath > 1. Pinning is effective

energy in the London regime if p> 1. We can estimateh to be in the interval
Fint(B) = (€0B/2Pys)In(nH»/B), (3)  20-80 depending oB, and temperature. Thus, pinning

wheren is a numerical parameter of the order unity. IniS effective a8 < By if the pinning energy, (T) = 4T.
this approximation energy depends on the concentration L€t us discuss the condition under which we can ig-
but not on the arrangement of pancakes. Thus, w&0ré the Josephson interaction in the case of columnar
ignore the Josephson interaction of pancakes as wefil Splayed defects. The energy of Josephson coupling
as the correlation part of magnetic pancake-pancakBSr unit volume lost if pancakes are sitting randomly
interaction. Later we will discuss the errors caused bydo not form lines along defects) iSF; = eo/27° s,
this approximation. where A; = ys is the Josephson length and is the
The total free energy functional of the system is a;lnis_otropy ratifo. The gfain in (;he f(;ge _Ene_rgy due to
_ i B the increase of entropy for random distribution fatk
Flneng) = Fiu(B) = (By/Pos)epn, = TS(ns, ny). 1 is AFg = (TB/®ys)In(e/b). We estimate the ra-
(4)  tio AF,;/AFs = (€0/272T) (do/A3B)/In(e/b) < 0.1 at
The equilibrium values ofi, andn, are determined by 7 =20K, B> 0.1 T, andb = 0.1 for Bi-2:2:1:2 with
minimization of the functional (4) with respect ig and  y = 300, A, = 1700 A, ands = 15.6 A. Thus, we can
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ignore the Josephson coupling of pancakes in a quiteorrelation energy and entropy may result in the change
broad temperature interval when calculating equilibriumof magnetizationAM, of the orderM;.T,/T;., though a
magnetization. It is more difficult to estimate accuratelynumerical coefficient may be small. It may result also in
the magnetic correlation energy of pancakes, i.e., to gthe change of slope in the field dependence of magneti-
beyond the mean field approach leading to Eq. (3). Frorzation, A(dM;;/dInB) = T,/®ys, at B = B;. Anoma-

our estimate of the Josephson interaction one can assurties of this type were not observed in Refs. [14,15].
that the magnetic interaction may be responsible for théf observed, they would signal the thermodynamic
formation of lines inside columnar or splayed defects ifcoupling transition in samples with columnar or splayed

such a transition occurs. defects produced by irradiation. Recently, a sharp
For unirradiated sampleg { = 0) we obtain the result dynamic coupling transition was observed in flux
€ nH.e T h transformer transport measurements in B|—2:2:1:2_ with

My, = + — In— (12) columnar defects by Seowt al.[9], and the question

2®os ~eByb  Pos b is if this transition will be seen in reversible magnetiza-
found previously in Ref. [12]. This leads to a field tion measurements.
independent slope of the magnetization curve V& In Near the fieldB,, our model implies that a transition
_ _ occurs between a state at low fields where pancakes
0Mun/9InB = [(1/2)€o(T) = T1/®os. (13) are mobile but randomly distributed among the columnar
M., becomes field independent at the temperaflire  sites, and one at high fields where they sit predominantly
T}, determined by the conditioay(7) = 27. This leads in regions between the columnar sites. Ne&y, the
to the crossing of all curve,,(T) for differentB atthe  entropy associated with distribution of pancakes among
same temperaturg = T,,. Magnetization at this cross- the defects is reduced by the approach of full occupancy.
ing point is My, = T,,/®os; see Ref. [13]. The factor Here the entropy gain that can be obtained from the
®ps in Eq. (13) and in the following may be expressedoccupancy of the interdefect regions drives this transition.
via the experimentally obtained valdg,/M,,. We ob- To show interplay between pinning and entropy let
tain Ty, = T.o[1 — 2T.0/€0(0)] because of the relation us consider the result used in Refs. [14,15] without
€o(T) = A5 (T) = Ay (0) (1 — T/Teo), whereT, is the  taking entropy into consideration;, = (e, — €,)/®Pos

mean field critical temperature. at B < By and M;, = —¢,,/®Pgs at B> By. In this
Next we discuss the behavior of magnetization inapproachdM;./dInB is positive independent of tempera-
irradiated samples\;, (B, T), determined by Eq. (10). ture, and defects result in the jump of magnetization,
In the low-field regimeB < By, we get €,/®os, atB = B,. Entropy contribution leads to a sign
hange ofdM;;/oInB atT = T* and smooths the jump.
€0 nHe T  hip+1) ¢ Lrs : .
Mi, = — n + — In———=. (14 -
ir 2005 MeByb T Dos 5 (14) In the high-field regimeB, < B < H.,, we obtain

from Eq. (10) the same result as for the unirradiated
The slope dM;;/dInB is again determined by the sample because the main part of pancakes sit outside of

right-hand side of Eq. (13), though the valeg(T) may strong defects. However, this regime may be achieved

be different, because irradiation suppres%gs and the only at low enough temperatures becaudse(T) drops

density of superconducting electrons which determinesvith temperature whiles,; remains constant. Ned. in

A,2(0). There is again the crossing point in the low-field strong fields the lowest Landau level approximation may

regime atl’ = T;,. The difference be used [13], but such an approach was not modified yet

W e _ _ 2 /.2 to account for strong pinning centers.

AT =T = Tun = ATeo — [2Tco/ € (0]A€(0) (15) The simplest procedure to obtain the paramgtérom
may be positive or negative de%)ending on what effect iexperimental data is to fit the difference betweén and
stronger: suppression @f.y or A,; (0). magnetizationV;, which is a linear extrapolation a¥/;,

The important point is that the entropy contribution tovs Inb, Eq. (14), from regiorb < 1 to higher fields,

the free energy is significant and leads to the crossing M — B T u + \/—uz T pb
ir ir Zir b — In
o ) =i

point if almost all possible configurations of pancakes ————

inside defects contribute to the entropy. If pancakes

form straight lines inside columnar or splayed defects, thevhereu is given by Eq. (9).

entropy is not proportional to the thickness of the sample We note that our model is oversimplified in two

and may be neglected. In this case magnetization is givemain aspects. First, it assumes all pinning centers to be

by Eq. (10) withu = €. identical, while in reality there is distribution of pinning
The observation of crossing point [14,15] at low fieldsenergy due to variation in defect size. It leads to the

means that al’ = 7" pancakes are positioned randomly smoothing of change in magnetization n&y. Second,

in irradiated Bi-2:2:1:2 and Bi-2:2:2:3. In principle, the model does not take into account the correlation

they can align at some lower temperatdtgB). Such energy of pancake interaction. It is unclear now how this
a transition driven by competition between magneticeffect may change the field dependence of magnetization.

. (16)
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magnetization measurements. We argue that experimental
results [14,15] for reversible magnetization in irradiated
samples of Bi-2:2:1:2 and Bi-2:2:2:3 show that pancake
vortices atB, = 1 T do not form lines at temperatures
above 70 K and magnetic fields above 0.1 T. We propose
to observe the aligning of pancakes above irreversibility
(if it occurs) by magnetization measurements.
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FIG. 1. The functionf(b) given by Eq. (16) atp = 1220  Center for Superconductivity.

and experimental data for the left-hand side of Eg. (16) in
Bi-2:2:2:3 tapes at 80 K and matching field 1.28 T; see text.
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