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Entropy, vortex interactions, and the phase diagram of heavy-ion-irradiated BjSr,CaCu,Og 5

C. J. van der Beek and M. Konczykowski
Laboratoire des Solides Irradée CNRS UMR 7642, Ecole Polytechnique, 91128 Palaiseau, France

R. J. Drost and P. H. Kes
Kamerlingh Onnes Laboratorium, Leiden University, P.O. Box 9506, 2300 RA Leiden, The Netherlands

N. Chikumoto
Superconductivity Research Laboratory, ISTEC, Minato-ku, Tokyo 105, Japan

S. Bouffard
Centre Interdisciplinaire de Recherche avec les lons Lasers (CIRI(je Bastale 5133, 14040 Caen Cedex, France
(Received 7 June 1999; revised manuscript received 27 Octobej 1999

Dynamic and thermodynamic magnetization experiments on heavy-ion-irradiated single-crystalline
Bi,Sr,CaCuyOg, s are correlated in order to clarify the nature of the mixed-state phase diagram. It is shown
that whereas the entropy contribution to the free energy in the London regime plays a minor role in unirradi-
ated crystals and irradiated crystals at fields close to or above the matching fieidbecomes very important
at low fields in irradiated crystals with high, . The direct determination of the entropy contribution to the
free energy from the reversible magnetization allows one to determine not only the correct values of the
pinning energy, but also to extract quite detailed information on pancake vortex alignment. The characteristic
field Hin~ %Bd, at which intervortex repulsion begins to determine the vortex arrangement and the reversible
magnetization is shown to coincide with a sharp increase in the irreversibility HigldT) and with the
recoupling transition found in Josephson plasma resonance. AHgye the repulsive interaction between
vortices causes both the vortex mobility to decrease and pancake alignment to increase. At higher fields
= %B¢> B, free vortices outnumber those that are trapped on a columnar defect. This causes the decrease of
the c-axis resistivity and a second crossover of the irreversibility field, to a regime where it is determined by
plastic creep.

[. INTRODUCTION along the tracks and the reestablishment of interlayer super-
conducting phase coherence at temperatures and fields where
The remarkable influence of heavy-ion-irradiation-the unirradiated material behaves as a stack of nearly decou-
induced amorphous columnar defects on the mixed-statpled superconducting layet$:?>=2° The pancake vortex
phase diagram and transport properties of layered supercoalignment is manifest in the angular dependence of the trans-
ductors, and the interplay between the pinning of vorticeport properties of the irradiated superconduétbas well as
and coupling between the layers, has provoked a great deil measurements of theaxis conductivity(perpendicular to
of interest: 13 The effect of the ion tracks is twofold. First, the superconducting layéréRefs. 9, 10, 26, and 2&nd of
the destruction of superconductivity within the columnar de-the field at which the Josephson plasma resonance occurs in
fect core, the radius of which is comparable to the supercorthe range 24—45 GHZ:12282%\easurements of the Joseph-
ducting coherence length leads to a large reduction of the son plasma resonance and of tbexis conductivity?®%’
mixed-state free enerdf{7 '8 arising from the pinning of the which have the advantage of directly probing the Josephson
two-dimensional pancake vortices in the superconductingritical current and the cosine of the average phase difference
layerd®?° by the columns. The reduction in free energy duebetween layers, show the existence, in the heavy-ion-
to pinning is readily measurable because it entails a signifitrradiated layered superconductor,8i,CaCyQOg, 5, Of a
cant reduction of the reversible magnetizatMi,, at fields regimeB,(T)<B<B(T) in the vortex liquid state in which
well below the matching field® ,= ®,ny and a nonmonoto- interlayer superconducting phase coherence increases as the
nicity of M., /dInB as a function oB (dy=h/2e is the  magnetic field is increased.e., a “recoupling”. This be-
flux guantum anchy is the density of column intersections havior is qualitatively opposite to that found in the unirradi-
with the layer$.!*~* The coincidence of the radius of the ated material. At fields greater tha@y,, interlayer phase co-
columnar defect core with that of the vortex core implies aherence again decreases as field is increased.
large pinning forc& and concomitantly large values of the =~ The peculiar field dependence of toheaxis electromag-
critical current density, as well as a large increase of the netic response, as well as that of the reversible—and even of
field H;,,(T) below which irreversible magnetic response isthe irreversible part of the magnetizatipbelow H;,, (T)]
measured. Second, the linear geometry of the ion tracks(Ref. 13—has been interpreted in terms of the competition
results in the effective alignment of the pancake vorticesbetween the Josephson coupling energy, which tends to align

0163-1829/2000/66)/425911)/$15.00 PRB 61 4259 ©2000 The American Physical Society



4260 C. J. van der BEEkKet al. PRB 61

pancake vortices, and the entropy contribution to the freghous tracks of radiuxy~3.5 nm which traverse the
energy arising from a random distribution of pancakes ovesamples along their entire thickness. During the irradiation,
columnar defect?’ The importance of intralayer pancake re- the ion beam traverses aulm-thick Ti film placed in front
pulsion is often downplayed, even though it has been showbf the sample; the secondary electron emission from this film
to be important in determining the pancake arrangerffent, is used to continuously monitor the ion flux during irradia-
reversible magnetizatiol;*' and transport properti€s.itis  tion. At the beginning of each run, the ion flux is calibrated
the purpose of this paper to investigate the importance of thasing a Faraday cup placed between the Ti film and the
contributions of intra- and interlayer pancake vortex interacsample. This procedure allows one to accurately control the
tion energy, entropy, and pinning energy to the Gibbs freeotal ion fluence for each sample. Moreover, the ion beam is
energyG and the impact of each on the phase diagram otontinuously swept across the target using asynchronous ver-
heavy-ion-irradiated BSr,CaCyOg, 5. To this effect, we tical (3 Hz) and horizontal1l kHz) ac drive fields so as to
have performed reversible magnetization as well as aexpose the entire target areaX3 cnf) homogeneously.
screening measurements on heavy-ion-irradiatedifferent crystals from each source were irradiated with
Bi,Sr,CaCyOg. s with widely varying matching field§Sec.  widely different ion fluences, in order to produce samples
I1). From the analysis presented bel¢@ec. lll A), it turns  with dose equivalent matching fields 0.02<B,<4 T.

out that in the London regime, the entropy contribution to theThere was a slight reduction of the samplds’ after the
reversible magnetization is rather insignificant with respecirradiation. Notably, overdoped single crystals hab,af 81

to the total magnetization or its modification due to vortexK and 78.7 K after irradiation to doses corresponding to
pinning on the columnar defects. Only in irradiated crystalsB ,=2 and 4 T, respectively. The crystals from the Univer-
with sufficiently highB,, is it essential to take a configura- sity of Tokyo underwent a reduction af, of up to 4 K (for
tional entropy contribution into account when describing theB ;=4 T).

magnetization and, then, only at low field®&<B, (Sec.

1A 2). As a consequence, previous estimates of pinning

energies>1®*2determined from the reversible magnetization B. ac shielding

should be revised towardsometimes significantlylower The ac transmittivity” was measured using the Local Hall
values. Next, it is shown how information on pancake align-probe Magnetometer, in the same way as described in Ref.
ment can be obtained from the reversible magnetizaf@e.  36. The sample was placed on top of a miniature InSb Hall
Il A3). The data allow for the extraction of the fiefttl,. at  sensor; both were surrounded by an ac drive cail that could
which vortex repulsive interactions begin to determine theproduce fieldsh,. of up to 30 G(at frequencies 0.5 Hzf
pancake vortex arrangement over the columnar defects. This2 kHz). The ac field was always directed parallel to the
field correlates very well with Shal‘p features in the |rreVerS'Samp|eC axis. This Corresponds to the app”cation to the
ibility line and, in some cases, with the “recoupling” ob- sample of an azimuthal electric fielet, with gradient
served in the JPR measurements anaxis conductivity rY9(rE 4)/ar =2mh,f (r is the radial coordinaje The ac
(Sec. I B). Hall voltageV,. was measured as a function of temperature
and applied fieldH,. From V,., the first and third
Il. EXPERIMENTAL DETAILS harmonic components of the transmittivity are determined as

A. Sample preparation

For this study, we have used BibCaCyOg, 5 Single TH(F, T)=[Vadf,T) = Voo F, T<To) /[ Vacf, T>Tc)
crystals grown at the University of Amsterdam by the trav- —V,(F,T<TY)]
eling solvent floating zone techniqd®A number of crystals acn ¢
were postannealed at 800°C in air and hBg=90.0 K.
Other crystals were retained as grown—this yields sample§nd
that are lightly overdoped in oxygen, and that hdye=83
K. Another batch of crystals, grown at the University of To-
kyo using the same techniqd&had T,=88.8 K and was
used for the measurements of the irreversibility line for dif-
ferent matching fields. After growth and annealing, largerespectively. In order to determine the irreversibility field
crystals were selected for uniformity and absence of macroH;,, (T,f) [or irreversibility temperatureT; (H,,f)], the
defects, and subsequently cut using a wire saw, so as tsansmittivity was measured using an ac field of amplitude
produce small squares of typical size 80800X 20 um®, h,e=1 G and frequency=7.75 Hz.T;,(H,,f) was taken
suitable for magnetometry experiments. A number of largeas the temperature at which tfig5; signal first becomes
pieces (X2 mn?x20 um) of the Amsterdam crystals distinguishable from the background noise when cooling.
were kept for reversible magnetization measurements using@iven the size of our samples, this corresponds to probing
commercial superconducting quantum interference devicwhether theE(j) characteristic deviates from Ohm'’s law at
(SQUID) magnetometer, as well as ac transmittivity mea-an electric field value of 0.6 nV cnt. In practice, the mea-
surements. In this manner, a sizable number of crystals witsurement ofT;,, is often limited by instrumental resolution,
similar characteristics was obtained. which can be estimated by comparing the signal at full
The samples were irradiated with 5.8 GeV Pb ions at thescreening to the noise level; it corresponds, for a sample of
Grand Accéerateur National d’lons LourdGANIL) at  area 80x 800 wm?, to a circulating shielding current den-
Caen, France. Such an irradiation produces continuous amasity of 4x 10° Am™2.

TH3EVac(3f 7T)/[Vac(f1T>Tc) _Vac(f1T<Tc)],
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C. Reversible magnetization 0

Measurements of the reversible magnetization were car- . H (4x) B =2T
ried out using a commercial SQUID magnetometer at the } ° H ot 0

University of Leiden. Care was taken to avoid the numerous .~ -500 |
artifacts previously observed in such measurements. Nota- g L
bly, we have found that the reported “clockwise” <
hysteresi¥' is an artifact related to the use of a too restricted =
length over which the sample is drawn through the SQUID

gradiometer coils when the magnetic moment is small. A

scan length of 6 cm produced satisfactory results, with a , 1
reproducible reversible magnetic moment at fields greater — -1.510° «~£— H it |

thanH;, (T). However, it is well known that, as a conse- 2 0L - H;n( 70K5§§ () |

110° §

guence of the inhomogeneity of the field produced by the —
superconducting solenoid, measuring the magnetization with & :
such a scan length at fields close too baetow H,, corre- %, B0
sponds to cycling the sample through minor magnetic hys- © 200 S5ewes, NN E
teresis loops. The magnetic moment then results from the <, 3 s ST Ugs (70K) -
superposition of several ill-controlled shielding current loops 222

and can take on a value that is very different from that ex- ', 100t

1 ‘Him(70 K) 3

pected from the ordinary full critical state. It thus proved S° sof U T8K) Ty T ]
very difficult to accurately measure the magnetic moment o b e ‘ ‘ %I?Eg&, e
both aboveand below H;,, (T); for the present paper, we 0.01 0.1 1 10
chose conditions such as to obtain the most reliable results HoH, (T)

aboveH;, (T), and to rely on the ac transmittivity measure-

ments to obtain the screening current beley, (T). FIG. 1. (a) The reversible magnetization of a heavy-ion-

iradiated optimally doped B%r,CaCyOg. ; single crystal B,
=2 T, T,=88.8 K), for temperature§ =70, 74, and 78 K. The
IIl. RESULTS AND DATA ANALYSIS drawn lines represent fits to E(R) with parameter values, (0)
=240 nm [A(0)=180 nm, dB.,/dT=—1.05 T/K, and Uys
~1.5605~1300(1-T/T,) K. Arrows indicate the field below
Figure 1 shows the reversible magnetization for an optiwhich the ac transmittivity has a nonzero third harmothig,() and
mally doped Bj}SrL,CaCuyOg, s single crystal T.=88.8 the interaction fieldH;,; above which vortex interactions influence
K),%8 irradiated with 16" Pb ions cm?, which corresponds the vortex arrangementb) (®os/kg=0.23 K m/A) times the dif-
to a matching fieIcB¢= 2 T. This value oiB¢ is comparable ference between the measured magnetization and the theoretical
to that used in previous studi&%;'” and the reversible mag- magnetization in the absence of columnar defect pinnig,,
netization shows all the features discussed there. Recapitleorrected for the reduction in superfluid density expressed by
lating, at low fieldsH;,, <H,<B,, the absolute value of the X~2(T)=(1—2mc3ng)A ~2]. In the limit B<B,, the plotted data
magnetizatior|M | decreases more or less proportionally correspond exactly to the sum of pinning energy and entropy per
to In(1H,), in agreement with the London model which has pancake vortex. Horizontal dotted lines correspond tabére pin-
Moy~ — (sO/ZCIDO)In(nBCz/eB)EM?eV. Here gp ning energyU os=U(0)s(1— T/T,)?, with Uy(0)s=4000 K. This
:q)g/4ﬂ-luo)\2('|'), \(T) is the penetration deptiB,, is the corresponds to the parameter value obtained in Ref. 18, corrected
upper critical field, uo=47x10"7" Hm?, ~1, ande for the change\—X. The drawn lines show the logarithmic ex-
=2.718 ... . Throughout, the small magnitude o, al- trapolation of the low-field data which permit the determination of
lows us to takeB~uoH,. The logarithmic decrease of the lengthL, over which pancakes belonging the same vortex line
|M,e,| terminates at the field labeled;,;, whence|M | are gligned on the same column and the fag@odescribing the
increases. WheBzB¢, |Mrev| decreases once again pro- fracn_on of available columnésee Sec. III_A;& ForT:_70 K, the
portionally to In(1B), although the slop&/M,e, /dInB is low-field _data obeyUOS_JrTIn(BBd,/B)—_l.e., the typical stack
markedly higher than the slope at low fields. The logarithmic©"9thLa is close to the interlayer spacing; for larger temperatures
slopes in either limit are illustrated in Fig. 2, which shows _the pref_acto_r to the Iogan_thm 1S, upexpectedly, somewhat Iess'. The
dM,e, /31N B as a function of temperature for the same crys-gteracu?n f'eld'l_'im O.f rga) .Z dzterm'r('jed as that where the data first
tal: for fieldsB<B,, the logarithmic slope lies markedly be- eviate from a logarithmitt, dependence.
low that measured foB>B,; also, it goes to zero at a o )
temperatureT? that is lower than the temperatuig; at  depthA (0)~1.35(0)~240 nm is in good agreement ﬂ'th
which dM,(B>B,)/dB goes to zero. BothT; and literature values for optlcrjnally doped'gﬂrZCaCLtOSM.
M, (B>B,)/3B are very similar to the corresponding The errorfof less than 20%Ref. 49] arises because of two

values measured in the unirradiated cry&tdh both cases reasons. First, the presence of the normal cores of the colum-

unirradiated crystals and irradiated crystals in the high-field'3" defects decreases the supercurrent density around each
limit, one can use the London mod&f°to extract the value vortex and the strength of intervortex repulsion. This effect

of the penetration depth froszre\,(B>B¢,)/(9T& IhB= can be taken into account by a “renormalized” value
. . . NG _ 2 — i -
—0(0)/2D,T,, an exercise which yielda(0)=180+30 A 2(T)=(1—-2mcgng)\"> and  corresponding &g

nm. The corresponding value of the London penetration=®2/4muoh? and M2, =%q/2d In(7B,/eB).}* More im-

A. Reversible magnetization
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500 T T y T T 1. Role of intervortex repulsion
ONEEY29 ( A=180nm) kpT/® s
\

The magnetization in the intermediate regime has been
estimated in Ref. 14 by considering that the gain in pinning
3 energy for occupation of a particular column should be larger
than the loss in energy due to intervortex repulsion when a
" vortex is moved from its lattice site to the columnar track;
unirradiated assuming a Poisson distribution of distances between tracks,

300

200

dM/[Am’11) / 3ln (B/[TT)

100 . .
. this gives
0 f© OMAmH (B>B,) .
e M/olnH (B <<B, ) T." ®ee - Uy B ~
-100 £ : LA 1 . Moo= M%, —Ug| 1| 14+ =2 -2 | & (Uoc0®4/B) |
70 75 80 85 90 co B
T(K) (2)

FIG. 2. Logarithmic slopesM ., /d In B for the same crystal as
in Fig. 1, determined in the limit8>B,=2 T andB<B,,, respec-
tively. The drawn lines indicate the magnitude of the theoretical
entropy contribution in the 2D limitkgT/®4s, and the prediction
of the London modelM?, =7z /2d,.

rev

In spite of its simplicity, it is possible to obtain acceptable
fits to the experimental data &t,=H,,; using this expres-
sion[see Fig. 1a) and Ref. 32 In the figure we have used
B¢ /dT=—1.05 T/K (Ref. 18 and\(0)=180 nm as de-
termined above. However, for a faithful fit to the peak struc-
. _ ture of |M,e,| one should assumeé, /¢, to be in excess of
portant, the presence of thermal fluctuations was predicted tl‘.?nity' for example, at 70 K, /3,=1.5 in Fig. 1. Such large
lead to a substantial entropy contribution to the free energy\,/ame’S ofU, Were‘ also four?d ig Réfs. 16 énd 32: they are
reflected by an extra terfti: incompatible with the theoretical expectation for electromag-
netic pinning of vortice$24%%6 U ~%,In(cy/\/2¢), since
92M MO K they would imply that the column radiwg, exceeds the co-
v — rev. B (1)  herence lengtlf=2.2(1-T/T,) "> nm by a factor of 5-6.
dTdInB  dTdInB  ®os In Ref. 18, it was found that pinning of the vortex core domi-
nates over electromagnetic pinning in heavy-ion-irradiated
Here, s~1.5 nm is half thecaxis parameter of the BPl2SPCaCu0s.; at all_temperatures. Then, U
Bi,Sr,CaCy0Og. ; material(i.e., the distance between CyO ~€0(Co/2€)”, yielding c,~2.3¢(0). This value is still
bilayers. From the valuekg/®os=4.4 Am *KL, we see somewhat high, which shows that the actual pinning mecha-

that the (constant contribution of the entropy terfd can ~ NiSM is more complicated than simple core pinning. How-
amount to 20% of the temperature derivative of Vel note that even so the magnetization data at fidlds
IM... /2InB. at most <H;, lie much above the theoretical curve.

rev 1 . . .

The nonmonotonic field dependence of the reversible We thus find that a description that only takes the de-

magnetization has a straightforward explanation in terms offéase of the internal energy due to the localization of the

the lowering of the vortex free energy by pinning onto thevortices on the columnar defects into account is insufficient
columnar defects®!” The magnetizationV,.,= — dG/3B to describe the large decrease of the low-field magnetization
. rev

at largeB,. The fact that the low-field logarithmic slope

=—®y19G/on,=— D, ', with n, the vortex density, cor- , ;
responds to the vortex chemical potentialand therefore _&M_/(?In B is much smaller than that predwte_d by H®
@dmates the presence of an extra contribution to the free

directly measures the energy needed to add a vortex to tH o
systerz when the field is in?:)r/eased. At low fields many coENergy that has a logarithmic dependenda(1/B).
lumnar defects are available, so that each and every new
vortex can gain a maximum energy per unit length by

becoming trapped in the defect potential; correspondingly In this section we examine the importance of a possible

M ey~M% +Uq/®,. The pinning of a vortex on an insu- €ntropy contribution— TS to the free energy. Such a contri-

lating columnar defect entails the redistribution of the superbution may arise from vortex pgs{goﬁ&l“"“‘and order pa-
current towards the vortex periphery, lower maximum cur-"ameter amplitude fluctuatioi*"**The entropy contribu-
rent on the vortex core boundary, and a smaller intervorteion to the free energy is believed to be important in layered
repulsion. More vortices can therefore enter the sample atuperconductors because of the “crossing point” behavior
fixed magnetic field; hence the absolute value of the magneabserved in the reversible magnetization & and
tization is smaller. However, it is still expected thlt,, T3 .*>******Supposing that a description in terms of the
«In(1/B) in this regime**154 At high fields uoH,>B, London model is appropriate and, hence, that vortex posi-
nearly all columns are occupied, new vortices cannot béional fluctuations give the dominant contribution3at was
trapped on a defect, and henbk,e,~M?,, close to the derived in Ref. 43 that the crossing point arises in the unir-
magnetization of an unirradiated sample in the Londorfadiated material when the field dependences of the two
regime’® In the intermediate-field regiomuoHi<poH,  €'MS contributing tdVl e, ,

<B, in Fig. 1(a), new vortices can become either trapped or

free. The proportion of trapped vortices decreases as field MU = MO kB—TIn(E) 3)
increases, leading to the increasd Mf,|. rev "V dgs '

2. Role of entropy
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with derivative critical fluctuations. An adequate description, valid Br
un >%t(chzlat)T:Tc, was obtained in Ref. 48 by expanding
IMyey _ %o kB_T (4) the order parameter in terms of lowest Landau |\l )
dinB 20, P¢s’ eigenfunctions. The expression fbt,., derived in Ref. 48

. _ : . [which also predictsdM o, /3 In B—ey/2d, for t>t(T*)]
SZPS%iﬁteE b; Ct/h[el Zéﬁgﬁ{;‘)(&ié H&%ﬁ%ésf?aggi well describes the experimental data for both unirradiated
B, /B corresponds to the total number of possible stateg'zsrzcaCL’fOs”(Ref' 49 and irradiated BSr,CaCyOg. ;

w s o : ; above the matching fieftf. In Fig. 2, theB>B, data lie
f t tex. In t D), B ; o ’ e
LCBOZ L%u:ﬁ I?\r(;sa\zyﬂig-\i/?r;(’ii);terc]j Yé?/ec:gegilggfgo%augtors outside the London limit foT=80 K, and within the LLL
cz: l}

Eq. (3) should be modified: the full result can be found in regime for T=84 K An mte_rpretatlon of the f|eI<_j-
Ref. 44, but the limiting forms foM ., are mdependent magnetlzat|on at in terms of vortgx posi-
tional fluctuations(order parameter phase fluctuatiposly
_o Uy keT [By is thus inappropriate.
M ey=Mpe, + CFJrq)—Sln(E) (B<By), (5 The situation is totally different foB<B, at which one
0 0 has a significantly larger valud S=0.3%kgT/®Pys. This
B T (B, means that the introduction of many extra possilsi@um-
Mrev~M96V+ —In(—) (B>B,, Uy—0). (6 nar defect sites within a vortex lattice unit cell leads to a
Pos |\ B large (configurationgl entropy contribution. Moreover, a de-
These are again valid in the 2D limit where the positions ofScription in terms of the London model will turn out to be
pancake vortices in neighboring layers are uncorrelated. Thadequate in this field regime.
logarithmic field dependence of the second term of 4. ) o
now depends on the number-8,,/B) of columnar defect 3. Interlayer coupling: Dependence on matching field
sites available to each pancake vortex. The small entropy contribution to the reversible magneti-
In order to estimate the importance of the entropy contrization for B=B,, suggests that even in the vortex liquid,
bution to the experimentally measured magnetization, we resignificant positional correlations remain between vortex
turn to the temperature dependence of the logarithmic slopgsancakes in adjacent layers. In that cé8és reduced with
M, /dInBin Fig. 2. Note that, according to Eq®)—(6),  respect to its value in the 2D limit: the alignment of pancakes
M, /dInB is equal to the difference between two large in different layers means that the relevant entities are stacks

terms: (of length L,) comprising several pancakes. The entropy
_ contribution in the regimeéB<B, where all pancakes are
0Mrev_07M?ev KgT 7 trapped by a column can be estimated BS=kgT InW
dlnB dInB  dgs’ ™ =kgTIn ngs/l-a, with N.=pBB,/B the number of columns

However, these terms have very different temperature de‘r’-“/"""""bk.a to egch s_tack_ of pancakes, the length of _the
o ~ sample in the field direction, arid, the length|c over which
rivatives, equal to—go(0)/2PoT. and —kg/®¢S, r€SPEC-  the pancakes are aligned on the same columnar track. The
tively. The ratio between the temperature derivatives is equgl ;mper 1- 8 is the fraction of columns that is inaccessible

.1/2 P .
to 2Gi~%, whereGi is the 2D Ginzburg number that deter- o to intervortex repulsion. In the quasi-2D limit,=s,

mines the regime of reduced temperatut€l)=(Tc  pytin general , can be estimated from the balance between
—T)/T. over which the entropy contribution to the free en- elastic energy and thermal energy;®o/B 4L, ~ksT (3

ergy is dominant. For optimally doped Sir,CaCyOg. s, T ay : HiPo/Bgla=Kel (21
2kgTe/20(0)5~0.19, i.e.,Gi~0.01; for our overdoped ma- ~¢€o/7" iS the line tension ang the anisotropy parameter

terial, Gi~0.003. The value 0.19 means that the error in thé1€nce the entropy contribution per unit lengthS

~ ) . : LingkgT/e g
X(0) value deduced from the reversible magnetization, aris=KsT INN_¥"¢®"** and the magnetizatich
ing from an entropy contribution to the free energy, cannot

exceed 19%11% for the overdoped crystaldnserting the Uy kgT|[kgT\|B BB

~ ~ Moy =M%, + — +——| = | Lin| =2 (8)
experimental\ value back intoM®,,, and comparing the I Dy Dgs| s Ber B
result to the full measured magnetization, we find that for
B>B, as well as for unirradiated crystdfthe entropy con- o  Uo keT s (BB, _
tribution to dM,,, /9 In B does not exceed OKgT/Pys (see =Myt . +E ol (By<<Bcreos/kgT).
Fig. 2. This excludes an interpretation of the crossing point 0 0> -a 9)

in terms of quasi-2D vortex positional fluctuations only: for
example, Eq(3) would lead toT* =75 K. More generally, The crossover fielB.,=®,/(ys)? delimits the(low-field)
vortex translational degrees of freedom do not lead to a maregime where tilt deformations of the vortex lattice with
jor modification of the magnetization of unirradiated crystalswave vector~4(B/®,)*2 are more difficult to excite than
(or irradiated crystals at fields abo®g,) in the London re-  shear deformations with a similar wave vector, from the
gime. The entropy contribution to the free energy only startdigh-field regime where the inverse is true. The contribution
to be important in the critical fluctuation regime. TS adds a supplementary logarithmic dependenceBaat
With respect to this, we note that the analysis of Ref. 490w fields, in agreement with the difference between the ex-
has demonstrated that the crossing point in unirradiategerimentaldM,, /J In B observed aB<B, and B>B,,
Bi,Sr,CaCuyOg., s crystals indeed lies in the regime (D)  respectively{see Fig. 19)].
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FIG. 3. (a8 Reversible magnetization of lightly overdoped
Bi,Sr,CaCyOg, ; at T/T,=0.89, for matching fields 0.2 IB,
<4 T. The critical temperaturé ~83.1 K, except foB,=2 T
(Tc=81K)andBy=4 T (T, = 78.7 K). The drawn lines through
the data points foB,=0.2 and 0.5 T represent fits to E@) with
parameter values(0)=140 nm andJs=120 K; the dotted lines
are guides to the eye, representing the magnetization in the irrever:
ible regime.(b) ®4s/kg times the difference between the measured
magnetization and the theoretical magnetization in the absence of
columnar defect pinningy1%,, [corrected for the reduction in su- of a series of lightly overdoped B8r,CaCyOg., s crystals
perfluid density expressed By %(T)=(1—-2mc2nA 2. Inthe  [Tc~83 K, A(0)~140 nm, irradiated to different ion flu-
limit B<B,, the plotted data correspond exactly to the sum ofeénces corresponding to matching fields ranging between 0.2
pinning energy and entropy per pancake vortex. The drawn lined and 4.0 T. The figure shows that there is a large depen-
show thebare pinning energy per pancake vortels (correspond-  dence of the low-field magnetization on the density of col-
ing to the low-field limit of theB,=0.5 T data, and, forB,=1.0  umns, which irrevocably indicates the importance of the con-
T, Ugs plus the configurational entropy contributiomS  figurational entropy contribution toM,., in that regime.
~(kgT/®¢s)In(8B,/B) arising from the possibility of individual  Namely, if S were zero, the low-field limits oM, would

pancake vortices to occupy different column sites. The fraglon nhayve been equal tm© +U,/®,, independent Oqu [see

~1/2 can beextracted from the intercept with the horizohtg Egs.(2) and (5)]. Furtﬁérmore the data B,=1 T confirm

line, and is indicated by the bold arrows. The fields,, where the extra logarithmic field dependen¢® for B<B,,. For

intervortex interactions begin to influence the magnetization can b?he crystal withB ,=0.5 T, the low- and high-field (ﬁmits of
¢ U0 ) B

determined as the field of first deviation from a logarithmic field M. /3InB are nearly equal. imolvina that at this tempera-
dependence and are indicated using the thin arrows. Dotted lines ai?e rev y equal, Implying P

guides to the eye, indicating data in the irreversible regime. wre, the entropy contribution Wrev/& In B lies within the
error bar of 0.kgT/® s found in Sec. lll A 2(see also Ref.
17, Fig. 3. Hence, for this matching field and temperature, it
follows from Eq.(9) that pancakes are aligned into stacks of
length L,=10s over the entire considered field range. It
means that for low matching fields it is allowed to ignore the

Eqg. (9), which permits a direct estimate of the correlation entropy contribgtion. One can then confidently determ!ne
length La. Starting from the values ofM,., /dIn B deter- Uys from the difference between the measured magnetiza-

mined above, one would have,<s/0.3~3s for uoH, tion and the low-field limit ofMp,, .**% Inserting the ob-
<By=2 T andL,=10s for uoH,=B, similar to the value tained valueJ,s~120 K (for e9s~160 K at 74 K back into
L,~15s recently obtained by Morozoet al?’ and in quali-  Eq. (2) yields good fits to the data f@,=0.2and 05T, as
tative agreement with the assumption of Ref. 13. shown by the drawn lines in Fig. 3. Such fits are not possible
A more stringent approach is to consider the dependencat higherB, due to the increasing importance of the entropy
of M, on matching field, i.e., the dependence on the numeontribution, which, even aB,=1 T, already accounts for
ber of available states. Figuréa shows the magnetization half the change of the low-field reversible magnetization

FIG. 4. In-phase fundamental transmittiviyf, (a) and third-
harmonic amplitudg Tys| (b) measured on an optimally doped
Bi,Sr,CaCy0Og, 5 single crystal T.=90.0 K), irradiated with 5.8
GeV Pb ions to a matching field ,=0.5 T. The measurement
frequency was 7.753 Hz and the ac field amplitide=6 Oe. dc
field values are as indicated.

In Ref. 13, it was claimed that the maximum [iM |
can be nearly entirely explained by the reductionTis,
caused by pancake alignmefftecoupling”) and the con-
comitant decrease /L, . This claim can be tested by using
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with respect to that of an unirradiated crystal. The determi- 038 . T I
nation of a “pinning energy” from the difference between 07 o By=05T | o H; 4
the low-field data and the extrapolation to low fields of the 06 | o T,=90K | « H |
data forB>B, can then introduce an error of more than a o osk ° E
factor of 2. o oak I ° E
The parameters , and B8 can, in principle, be directly io ’ %
evaluated by subtractiniyl?,, from the measured magneti- 2 %o 1
zation. This procedure yields a quantity that at low fields is 02 - S, ]
rigorously equal to the sum of the pinning energy per pan- 0L L By —o g g 8 B
cake vortex and temperature times entr¢pig. 3b)]. The 0 P00 0 s
low-field limit of the B,,=0.5 T data corresponds to the bare e 75T(K§° B0
pinning energyJ ,s—this value is indicated by the horizon-
tal line in Fig. 3b). The results for the crystals witg,=1 T FIG. 5. Irreversibility fieldH;,, (T), at which a third harmonic

exceedU s at B<B,, because of the entropy contribution to ac respons¢Ts| can first be measured upon cooling the crystal
the free energy. From the logarithmic field derivative and thelthe same as in Fig.)4n a magnetic field ©). The roman numer-
extrapolation toU,s we find that, atT/T,=0.89, L,(B als indicate the field regimes described in the text. Also indicated

<Bgy)~s and B~ 3, independent 0B, . Thus, the magne- are the fieldsH;,(T) determined from reversible magnetization

2
tization at low fields an®,=>1 T is well described by measurements on the same crysm)(

well obeyed. In fact, for the data &t="70 K it is difficult to
' (10) identify any substantial field range over whicA'S
«In(1/B). This is in contrast to data fd3,=0.5 T where a
as illustrated by the drawn lines through data in Fih)3 low-field logarithmic dependence can be identified at all in-
The first deviation of the experimental data from these linesestigated temperaturés® Hence, accurate values fét;,
as the field is increased, at the “interaction fiel#f,;, in- can be determined only for smal, (see Fig. 5 forB,
dicates that both configurational entropy and the total pin=0.5 T). At low B,. the entropy contribution to the free
ning energy start to decrease due to the effect of vortex inenergy is unimportant. The interaction field then delimits the
teractions. Entropy decreases because of the limitation dbw-field regime where vortices are pinned independently on
accessible column sites, which is the consequence of intrahe columnar tracks, from the high-field regime where inter-
plane pancake repulsion; it can be expressed by a diministvortex repulsion entails the presence of unpintifcee” or
ing B; the translational invariance of the system along the'interstitial” ) vortices. Results for larger matching field can
column direction and the attractive interaction between panenly be obtained in a restricted temperature rafige<T
cakes in adjacent layers will then lead to pancake vortex<T (1-Gi) (see Fig. 6 foB =1 T). Here, the interaction
alignment and the supplementary decreas& tifrough the field separates the regime of individual vortex pinning from
increase ofL,. The total pinning energyU, can only go high fields at which the intervortex repulsion determines the
down appreciably if free(or “interstitial”) vortices, not optimum pinned configuration but does not necessarily lead
trapped on a columnar track, start to appear, again as a restd the presence of “free” vortices.
of intraplane pancake repulsion which prohibits certain vor-

M e, =M? +—+—In(—
0

tices from finding a favorable column site. From Fig. 3, it is 12 . : N L
seen that near;,;, the pinning energyobtained from the By=1T| ——H,
B,=0.5 T data and the entropy contribution to the free 1 T,=83K| — H,|]
energy are comparable in magnitude whigg=1 T, hence 08: —e—B,
bothcontributions should always be taken into account when = ™ —=—B, |}
describing the shape of thd ., (B) curve. ~. 06l IR |

We have attempted to carry out the same analysis for T % @1 GHz) 4
constant matching field8 ,=0.5, 1, and 2 T, and differeft = o4l B\Sﬂ\% ¥y B3 ]
[see Fig. 1) for B,=2 T]. In this case, the problem arises [ ¢
that the bare pinning energy cannot easily be established. It 02 e e B, /6 ]
was therefore chosen to take the result of Ref.(WBere L R N
B4=0.5 T), Ug(T)=Uy(0)(1-T/T)? for core pinning, 60 65 7 75 80 85
and to correct the valul 5(0)=4300 K obtained there for T(K)

the larger density of columns in those cases wihgge- 0.5 G _ . _ )
T. The difference between the low-field data and these val; FIG. 6. Ireversibility fieldH, (T) determined for lightly over

. . . doped BjSr,CaCyOg, 5 (Ref. 59 with B,=1 T (O). The crystal
ues, represented by dashed lines in the Fig), again cor- was chosen so as to hallg=83.1 K comparable to the sample

responds to tempera;ur.e times the configurational entropyseq to obtain the JPR peak data of Ref[al5o shown )], as
ForBy,=1 and 2 T, it is found thal S(B=B,/€)~T, el as to the crystal of Ref. 26. The characteristic fieki$M) at
indicating thatL,~s. The logarithmic field dependence at which the c-axis conductivity starts to increase am (C) at
T=74 and 78 K, as well as the magnitude of the logarithmicwhich it starts its final decreag®ef. 26 are displayed as solid and
slopes, also agrees with,/s~1-2. However, since the open squares, respectively. The interaction fietts(T) deter-
logarithmic slopes should, in the representation of Fi)),1 mined from reversible magnetization measurements are drawn as
be equal toT, the predicted temperature dependence is notolid circles @).
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We note that, in the analysis presented in Fig),1the
assumption ofU,s~¢gy(0)s(1—T/T.) for electromagnetic g
pinning of vortices yields the rather unlikely result that the :
entropy contribution to the free energy rapidigcreasess

o1k
function of temperature. :

By /B,

B. Relation with the phase diagram

0.001 |
In order to correlate the vortex arrangement on the colum- ;

nar tracks as revealed by the reversible magnetization mea- C ]
surements with the phase diagram, we have performed mea- 0000 e e s 0 0 0
surements of the ac transmittivity as described in Sec. Il B. T/T,
Typical results for the in-phase fundamental and third har-
monic amplitude are shown in Fig. 4 for optimally doped FIG. 7. Dependence &i;,(T) on matching field. Displayed are
Bi,Sr,CaCyOg, 5 (T,=90.0 K) with B,=0.5 T5*The cor-  the valuesugH;, (T)/B,, for a series of crystals grown at the Uni-
responding field$l,, (T) at which a third harmonic response Versity of Tokyo, irradiated with 5.8 GeV Pb ions to matching fields
is first detected are plotted in Fig. 5. Note that due to thePetween 0.02 T and 4 T; data are plotted as a functiofi/at,,
different effective measurement frequencies,7.753 Hz in ~ WhereT. is the valueafter irradiation (e.g., T.=86.2 K for B,
the ac shielding experiment verstrs 102 Hz for magneti- =2T).
zation measurements using the SQUID, kthg values plot- . ) o
ted in the figure lie much above the apparéht, values within e>.<per|mental error, the magnetization curve
extracted from the closing of the magnetic hysteresis loopMrev(H>) is the same regardless of the direction of the total
or merger of zero-field-cooled and field-cooled data obtainednagnetic field. Simultaneously, applying the field at an angle
with a SQUID magnetometér'~*3The same is indicated in lowers the irreversibility fieldH;, to a much lower value
Fig. 1(a), which shows the position df;,, determined from than when the field is aligned with the columnar def_&_:t_s.
transmittivity measurements on the magnetization curve. The It appears that the fielt;,; intercepts the irreversibility
magnetization data show a breakHgt, , reflecting the inad- line exactly at the poinioH,~5B, whereH;, starts its
equacy of moving sample SQUID magnetometry for mea-Steep rise(Fig. 5. This strongly suggests that the reduction
surements in the regime;<H;,, . Another reason for the ©f vortex mobility causing the increase i, (T) is the
much lowerH;,, (T) values of Refs. 12 and 13 is the fact that consequence of mt_raplane_vortex repul_smn and the reduction
those authors used lightly underdoped crystals. Whilean  ©Of the number of sites available to a given vortex. Hig,
be similar for underdoped and overdoped samples, it wadata nicely coincide with the recoupllng field obtained in
recently shown that the irreversibility lines for the irradiated Refs. 11 and 12. Fd8,=1 and 2 T, reliabléH;,; data could
material vary widely as a function of oxygen contéht. not be obtained in the temperature interval spanning the ir-
The irreversibility field displays three distinct regimes asreversibility line. The data in Fig. 6 show that for tempera-
a function of temperature. Upon lowering the temperaturdures well in excess offj;, , Hiy decreases with increasing -
from T¢, Hy, (T) first increases exponentiall);*#83at  T. The temperature dependence of the interaction field, remi-
T=77 K, H,, increases sharplll), before bending over to niscent of that of the hlgh-ﬂel_d part of the |rrevgrS|b|I|ty line,
an approximately linear temperature dependence below 70 Re€ms to extrapolate to the fiddl where thec-axis conduc-
(Ill). The same behavior is found for other matching fieldsfivity starts its ultimate decreal§%.Note thatH;, never in-
see, e.g., Fig. 6 foB,=1 T. For comparison, the same Ccreases beyond the field,H,~ 5B, at which the recoupling
figure shows characteristic fields extracted froraxis con-  transition is expected. This particular fraction of the match-
ductivity and JPR measurements. It is seen that the differerig field, B, seems to be quite robust. Figure 7, which
regimes of the irreversibility liné4;,, (T) are faithfully re-  displays the evolution oH;, (T) with B,, shows that for
produced by the position of the JPR péakpr a suitably 0.1 T <B,<4 T the steep rise of the irreversibility line
chosen measurement frequeribgre, 41 GHzthe two lines ~ always starts neatoH,~3B,. This is in contradiction to
lie very close together, suggesting that the onset of lineaRumerical work’ and previous magnetization studiés
vortex diffusion(and, hence, the disappearance of long-rangavhich reported significant features in the phase diagram at

ab-plane phase coherencéndicated by Hi,(T) is inti-  #oHa~3B,. Figure 7 shows that, whereas for the values of
mately related to the drop ic-axis phase coherence ex- the matching fieldB,=1 and 2 T, most commonly investi-
pressed by the JPR peak. gated in the literatur&"**°" the fractionB,/3 coincides

Also plotted in either figure are the;,, data for the same With the crossover from regimell) to regime (Ill) in
crystals. For the optimally doped cryst® {=0.5T) of Fig. ~ Hir(T), this is by no means true for other values®yf. The
5, it was possible to obtaif;,; values directly from the results also show that the reported scaling of the irreversibil-
reversible magnetization for fieldselow the irreversibility ity line with B, reported in Ref. 3 is by no means to be taken
field by exploiting the torque data of Ref. 17. The reversiblestrictly.
magnetization curves in this case were measured with the
magnetic field applied at a substantial angle with respect to
the c axis and the column direction. It was shown previously
that in such a configuration, the reversible magnetization de- A number of significant results emerge from the above.
pends only on the field componet, parallel to thec axis;  The most notable is that the introduction of amorphous co-

IV. DISCUSSION
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lumnar defects into the matrix of the layered superconductor 200

decreases the free energy in the London regime not only [
through vortex pinning, but also through an additional con- 150 |
figurational entropy, which appears when a sufficiently large I
number of extra sites become available to the pancake vor-
tices. This extra contribution can be comparable to or larger
than the pinning energy. Previously presented values of the
pinning energy extracted from the reversible magnetization 50
of crystals with relatively high matching fieftfs®3?should i
thus be considered with reserve. More accurate measure- ol
ments of the pinning energy for crystals with lovigy were 01
recently presented in Ref. 18. The pinning energies obtained
in this paper are in agreement with those of Ref. 18 and with FIG. 8. Entropy contribution to the free energy of heavy-ion-

the vortex-core pinning mode_IU(_,~so(c0/2§)2_.21 This i radiated lightly overdoped BSr,CaCyOg, s (T.=83 K) as a
means that even in the vortex liquid state, vortices are, celg,,ion of matching field ©), for T=74 K and applied field
tainly in the reg|m63< B, strongly bound'to the columnar 1oHa=0.1 T. The entropy rises steeply betwep—0.5 and 1 T,
defects. Thermally induced vortex wandering from the tracksrom where it increases logarithmically as a functionByf. This
would have resulted in a pinning energy contributiég/ ®o  pehavior is in qualitative agreement with the dissociation of indi-
that is exponentially small with respect to the totalvidual vortex lines into stacks of length, at low defect density
magnetization? The neglect of the entropy contribution also (few available sites per vortgx for which the predictionTS
accounts for the discrepancy between experimental resultsB,, In B, is indicated by the curved solid line; at higher matching
and the numerical simulations of Ref. 31. The curves calcufields, the length of the typical stack has decreased to the layer
lated in Ref. 31 are close to what would be expected in thepacings—the dependence then becores<In B,,, corresponding
(neay absence of an entropy contributiésee, for example, to the configurational entropy associated with the possibility for
data atB,=0.2 T). Conversely, the use of E¢p) overesti- each pancake vortex to occupy different colunfdashed straight
mates the entropy contribution in many cases and yields pirfine). The corresponding values &f, are indicated by the solid
ning energies that are manifestly too snfall. triangles (the dotted line is a guide to the @yeThe parameter
The measurement of the reversible magnetization as ¥glues used are,s=1500 K andB.,=0.4 T (Ref. 58, i.e., v
function of column density allows a direct determination of =55 (Ref. 59.
the extra entropic contributio S (Fig. 3), and its depen-
dence on field and temperature. The mechanisms by whickan be lowered through the dissociation of vortex lines, first
the free energy is lowered becomes apparent if one consideiisto stacks of pancakes located on adjacent columns and fi-
the rather peculiar dependenceTdb on the density of sites nally into single pancakes wandering between available col-
at constant field, illustrated in Fig. 8. At lo@/,, TSremains  umn sites.
small in comparison with other terms contributing to the free  The same explains the field dependencel & (Figs. 1
energy. This can also be inferred directly from the nearand 3. As more and more vortices are added, fewer sites are
equality of the low- and high-field limits of the logarithmic available per vortex. First, the entropy contribution drops
slope of the reversible magnetization #p<0.5 TM8At  (logarithmically because fewer defect sites are available to
high matching fieldT Sfollows a logarithmic dependence on each pancake. At higher fields, pancakes belonging to the
ion dose. We interpret this behavior as follows. At low irra- same vortex line become aligned on the same site, be this on
diation doses, the increase in entropy with increasing columa columnar defect or on an interstitial site. This leads to a
nar defect density arises from the dissociation of vortex lineseduction in vortex mobility and to the increase of thaxis
into shorter and shorter stacks of lendithlocalized on dif-  critical current measured by JRRefs. 12 and 30and of the
ferent columns; the entropic part of the free enefigythe  c-axis conductivity?®>"¢°
vortex liquid phasgthen obeys Eq(8), with B~3. As a It is to be stressed that in the presence of columns the
result, TSincreases aB, In B, which explains its rapid rise low-field entropy contribution to the free energy is much
betweenB,=0.5 T and 1 T and the quite important changelarger than that in unirradiated crystals, at odds with the
in the low-field magnetization between these matching fieldsprediction of Eqs(3) and(5).** A qualitative explanation for
Once the length of a typical stack has decreased to a singtais is that, whereas in unirradiated crystals one has one local
pancake vortex, this mechanism can no longer be operativenergy minimum per vortex lattice unit cell, the presence of
The entropy now increases asHp, corresponding to the a columnar defect densityy>B/®P, amounts to the pres-
possibility for each single pancake to occupy different co-ence of several energy minima per cell, permitting the
lumnar defects. The evolution of the entropy with increasing‘roughening” of vortex lines(i.e., their spreading over dif-
matching field can be described by the optimization of theferent columnar defectsEntropy decreases as a function of
total free energy gain, obtained from the balance between thi until at B~ %B¢, it attains a value close to that measured in
entropy gain and the loss in intervortex interaction energyunirradiated samples, corresponding to approximately one
At small B,,, there are few near-lying columnar defect sitessite per vortex. From this field onwards, it becomes difficult
per vortex line—the access to far-lying sites is prohibited byto obtain a reliable estimate of the alignment lenigthfrom
intervortex repulsion. Hence, vortices are on average welteversible magnetization. This is because of the “error bar”
aligned on the same site. For increasig, more and more introduced by the large value of the Ginzburg numiar
near-lying defect sites become available, and the free enerdife have seen in Sec. Ill A 2 that there is an uncertainty of

100
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the order 0.kgT/®ys when one determines the relative im- ning energy and entropy contributions to the free energy of
portance of the different terms contributingaM ., /d In B. heavy-ion-irradiated BBr,CaCuyOg, s single crystals. We

In particular, one cannot estimate the entropy contribution tdhave found that in unirradiated crystals the entropy contribu-
better than 0RgT/®d,s, corresponding to a lower bound tion to the free energy in the London regime is relatively
L,=10s. The same holds for unirradiated crystals. Whereasninor. This is also true in irradiated crystals with small
in the irradiated superconductor the dissociation of vorteXnatching fieldsB,=<0.5 T, but not for irradiated crystals
lines into stacks of pancakeswithin a unit cel) certainly — yith largeB,=1 T and fieldsB<B,. Then, the configura-
lowers interplane correlations of the phase of the superconjgna| entropy contribution to the free energy is greatly en-
ducting order parameter, it does not necessarily imply theanceqd with respect to its value in unirradiated crystals, and
loss of Ion_g-rangg p_has_e coherence. Th|s_|s likely de_stroyegan easily exceed the pinning energy of a vortex on a colum-
near the irreversibility line, as linear activated motion of nar defect by more than a factor of 2. The large entropy

(pancakg vortices becomes possible. . contribution at highB, is a consequence of the dissociation
The questions of pancake vortex alignment, phase coher-

ence, and the recoupling transition reported in Refs. 111 f vortex lines into individual pancake vortices localized on

are intimately related. From reversible magnetization, we ifferent columnar defect sites. A¥B, is mcregsed, Inter-
have determined the field,,; at which intervortex repulsion YO't€X repulsion causes the pancakes belonging to the same
determines the vortex pancake arrangement in the presenSick to align onto the same columnar defect. It was possible
of columnar defects. This is in very good agreement with thd© obtain a lower bound ,~10s on the length over which
recoupling field obtained in Refs. 11,12, and coincides withPancakes are aligned Bt=B,, . Vortex interactions become
the rapid rise o, (T). It seems that the same intraplane important at the fielH;,~ 5B, ; at this field, which delim-
vortex repulsion responsible for vortex alignment also dedts the regime of pinning of individual vortices and which
creases the vortex mobility, expressed by the peak in thgorresponds to the recoupling field measured by Josephson
critical current density measured in Refs. 13 and 61, and bplasma resonance, the irreversibility field sharply increases.
the increase iH;,, (T) into regime(ll) at%B¢. As for the  Above H;,;, the repulsive interaction between vortices
increase in vortex mobility and the decreasecdafxis con- causes both the vortex mobility to decrease and pancake
ductivity at the crossover oH;,, from regime(ll) to the  alignment to increase. At higher fieldsiB,,, free vortices
high-field region(lll), it is likely that it corresponds to the outnumber those that are trapped on a columnar defect. This
field at which the number of free vortices becomes compacauses the decrease @éxis resistivity and a second cross-

rable to or exceeds the number of vortices trapped on a cqver of the irreversibility field, to a regime where it is deter-
lumnar defect. This field can be roughly estimated as that ghined by plastic creep.

which U,+ TS[Figs. Xb) and 3b)] has decreased to half its
value atH;,;. ForB,=1 T, it amounts to roughly the value
%B¢, cited in Ref. 13; for lower matching fields it lies closer
to B,. In all cases, it lies close to the crossover in question.
Thus, we identify regimélll ) of H;,, (T) as that in which the .
number of free vortices exceeds the number of trapped ones We gratefully acknowledge J. Blatter, L. N. Bulaevski,

and in which vortex mobility is determined by plastic vortex A. Buzdin, M. V. Feigel’man, A.E. quhelev, P. LeDou;saI,
creep?! Y. Matsuda, T. Tamegai, and V. M. Vinokur for most stimu-

lating discussions. We thank A. A. Menovsky of the Nether-
lands Organization for Fundamental Research on Matter,
Amsterdam-Leiden Metals Research CollaboratierO.M.-

Reversible magnetization measurements have been an&:L.M.0.S), as well as N. MotohirdUniversity of Tokyg
lyzed in order to determine the relative importance of pin-for providing the B}Sr,CaCyOg. 5 single crystals.
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