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Reversible magnetization has been studied in crystals of highly anisotropicT highperconductors, con-
taining columnar defects oriented either along thexis or at an angle; from it. With the magnetic field
applied alonge, a similar dip in theM-vs-In(B) curves is observed for both track orientations. The location of
this dip is shown to be related 8.4, the field at which the vortex and track densities pérplane are the
same. The vortex pinning energy, extracted from the low field regime, is found to be slightly larggr for
=60° than forg,=0°. This effect is ascribed to the larger size of the track projections oalilanes, in the
case of inclined tracks. On the basis of the random nature of the track distribution, a model is proposed to
account for the smooth character of the crossover between the low BetdB(,) and high field B>B_g)
regimes[S0163-182608)04146-(

I. INTRODUCTION tropic superconductors. The aim of the last part of this paper
is to determine how far the whole shape Mf.-vs-In(B)
Columnar defect§CDs), introduced in superconducting curves can be accounted for by the random nature of the
cuprates by heavy-ion irradiation, strongly modify the vortextrack distribution.
pinning ability. This modification affects not only irrevers- ~ The paper is organized as follows. In Sec. Il, some ex-
ible properties such as the critical current densities, but alsgerimental details are given about the samples, the irradia-
the reversible magnetizatidv ,,,. When the magnetic field tion, and the measuring procedure. Section Il reports series

and the CDs are aligned along thaxis, theM o, -vs-In@)  f Mrevvs-In(B) curves foor CDs inclined a#;=45° in Bi-
curves exhibt™® an unusual “dip” around the fluence 2212, or inclined a¥;=60° in TI-2212. In both compounds,

equivalent fieldBy,=dtx d, (dt being the ion fluende the results are compared with those of CDgat 0°. Sec-

This behavior was related to the reduced line energy of ion IV reports the extraction of pinning energies in TI-2212,

vortex located in a track. On the basis of the London mOdel;c:rcziu??fora'?hdeaisii?t?n : cl)?/lse_f/‘SXa (g)rzafféslsngvgﬁe?héo
estimates of the pinning energy were extratfefiom the .~ L 9 OMrevV: ;

) . virgin and irradiated states. This model includes a renormal-
low field regime B<<Bgy).

Up t h wudi f iol tization i ization of the penetration depth due to screening effects, and
p to now, these studies of reversible magnetization Ny qs jnto account the random character of the track distri-

irradiated samples were carried out with both the magnetig, o Fitting curves are compared to those derived from the
field and the set of CDs parallel to tleeaxis. In the present ., 4el proposed by Bulaevskit al® Section VI points out

paper, we report measurementshdf,,, still with Bfc, but  ne main results and their implications.
for CDs inclined by an angl®, from thec axis. This study

was performed on crystals of JBr,CaCyOg (Bi-2212) and

TI,Ba,CaCyOg (TI-2212). In such very anisotropic super- Il. EXPERIMENTAL
conductors, the weak vortex correlation perpendicular to the
ab planes can give rise to original states of the vortex matter.
One can get information about such vortex states by varying Single crystals of BiS,CaCyOg (Bi-2212 and

the orientations of the field and of the CDs, with respect toll,Ba,CaCy0Og (TI-2212) have been grown following meth-
the c axis? For instance, with the field applied alomgn a  0ds described in Refs. 6 and 7, respectively. For both com-
sample containing inclined CDs, very different magnetic repounds, the as-synthesized samples are slightly overdoped.
sponses are expected depending on whether one deals withe T.'s before irradiation are equal to 83 K and 104 K, for
stiff line vortices or completly decoupled pancakes. Bi-2212 and TI-2212, respectively.

The first goal of the present work is to investigate, in the
case of inclined CDs, the persistence or not of the dip in
M eVS-IN(B). In a second step, we compare the pinning en-
ergies in samples with tracks either parallel to thaxis or The crystals were irradiated at room temperature with 6-
tilted from it. Indeed, the track projections on thbe planes GeV Pb ions at the accelerator GANI(Caen, France
are larger in the latter case, and this should affect the eleckhese ions are known to induce, in both compounds, the
tromagnetic contribution to vortex pinning in very aniso- creation of continuous, amorphous tracks, with a core radius

A. Sample preparation

B. Irradiation procedure
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TABLE I. Label and main characteristics of the four studied crystals.

Denomination Compound Fluence (CR) Irradiation angle Dimensionsu(m®)
Bi0O Bi-2212 16* 0° ~1460x 880 20
Bi45 Bi-2212 16* 45° ~1190x 750% 20
TIOO TI-2212 5x 10%° 0° 930x 610 80
TI60 TI-2212 5x 10%° 60° 650x 460% 30

around 4.5-5 nm?2°® Two kinds of irradiation were carried ~ Owing to the great pinning efficiency of CDs, the revers-
out: the ion-beam was oriented either parallel opato the  ible field range rapidly shrinks ab decreases, and impedes
c axis. In both configurations, the ion fluendet was the the access to the low field regime whevke,-vs-In(B) ex-
same. For Bi-2212pt=10" cm 2 and 6,=45°, while for  hibits a positive slope. As done in a previous sttitlyye
TI-2212,dt=5x10'° cm~2 and 6, =60°. This study essen- used the irreversible values on the increasing and decreasing
tially involves four samples, whose characteristics are colbranches(denotedM , andM _, respectively, to evaluate
lected in Table I. the equilibrium magnetizatioM,.,=(M , +M _)/2. In the
Measurements of reversible magnetization need samplédrgin state, such a procedure yields data in very good agree-
of large volume, but the irradiation imposes limits in thick- ment with an extrapolation of the high field regime following
ness. Indeed, the ion path in the target must be much lowdhe London model. In irradiated samples, this method yields
than the projected range, in order to ensure an homogeneo8M re,'vs-IN(B) curve which appears, close to the irrevers-
damage across the entire sample thickness. The projectdility point, as a smooth extrapolation of theue reversible
range of 6-GeV Pb ions in Bi-2212 and TI-2212 is aboutmagnetization, but which suddenly becomes very noisy be-

150 um. It must also be taken into account that a beandow a field value, i.e., when the irreversible part of the mag-
inclination increases the effective ion path by a factornetization becomes much larger than the reversible part. This

(1/co9). T-dependent field value limits the range whéte,, is evalu-
ated fromM . andM_ .

C. Measuring procedure
Ill. EQUILIBRIUM MAGNETIZATION IN MISALIGNED

The measurements were performe_d by means of a super- CONEIGURATIONS
conducting quantum interference devi@QUID) magneto- _ _
meter, with the external magnetic figttlapplied along the The previous works™ aboutM ., in presence of CDs

axis. The samples were mounted on a copper rod, of lengtivere carried out in an “aligned” configuratiorB| c||CDs.
and diameter equal to 220 and 1 mm, respectively. The botf<igures 1 and 2 shoM,~vs-In(B) curves in Bi45 and TI60,
tom extremity of the rod was shaped into a ring to ensure &e., (see Table), for B|c and CDs a; to thec axis. In both
good radial centering of the sample. The crystals were disamples, thé ,-vs-In(B) curves exhibit a clear dip at inter-
rectly glued on the rod with a small amount of silicon mediate fields. Similar unusual field dependenciesVigf,
vacuum grease. This sample mounting yields a well-shapebave been also observed in Bi0O and T(@0gned configu-
SQUID response at>T,, which is required to reliably sub- rationg, in qualitative accordance with the literatdré.
stract the background signal. However, for the misaligned configurations, the dip is not
Reversible magnetization was measured as a function of
H. At fixed T, the magnetic field was first increased from a 0 —
value H,,, lower than the irreversible field, up tBl [
=5 T, and then it was decreased frath,,, down toH i,
In order to minimize the problems steming from field stabi-
lization and drift in the SQUID detector, a waiting time of 5 i
mn was respected after each field change, and the three first ~ —-10
measuring scans after this pause were rejected. The magnetic i
moment was then obtained by averaging 20 scans of length 3 E -15 [
cm. The temperature stability was held at 0.2%. [
Curves were registered at various temperatures, including

N

20 |

one much higher tham, in order to measure the background

signal resulting from both the sample holder and the normal

state response of the sample. This background signal is -25 — N
nearly T independent fof >T,. It was measured at 120 K 102 10° 10* 10%
for Bi-2212, and at 130 K for TI-2212. The moment values at B(G)

these temperatures are rather snff@ali instance, lower than

5x 10 ® emu around 1 Y, but they cannot be neglected. The  FG. 1. Curves of reversible magnetization versus field, for a
reversible magnetization curves presented below have thusi-2212 crystal irradiated by 6 Pbcni? at an angled;=45°
been corrected by substracting this field dependent backrom c. The temperatures aférom bottom to top: 50, 55, 60, 65,
ground signal. 70, 75, 78 K.
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O aligned configurations do not behave as stiff lines oriented
L 000y o o 0000000 ] alongH. Rather, such a role af.q4 is consistent with a re-
-10f e S gime where pancake vortices can accommodate to the track
— X e vav‘fv/,,w ] projections in eaclab plane. Such a behavior does not nec-
&'5/ -20 | R v/«“n,nu@ . essarily imply a complete vortex decoupling. The degree of
r /v/ R g :(:r“’_/.-: 1 pancake correlation along the track direction is not easy to
p=R T ] investigate experimentally. In aligned configurations
[ E _/';:-\ -~ /A/“ ] (B|/c|CDs), recent studies of Josephson plasma resonance
<t ok T, e A ] (JPR have been carried out in Bi-22121?They suggest the
- A\M\ /A/A ] occurrence of two distinct liquid phases above the irrevers-
_soF T160 s 1 ibility line, with stronger and weaket-axis correlations of
] pancake vortices, in agreement with a recent theoretical
102 10 104 105 study® Note, however, that the analysis of JPR experiments
is still the subject of intense debdtk.
B(G) For the present study, the key point is that reversible mag-

netization can be related to the behavior of pancake vortices,
FIG. 2. Curves of reversible magnetization versus field, for afor which the pinning energy depends on the track projec-
TI-2212 crystal irradiated by §10'° Pbcm ? at an angledi  tions on theab planes. Since the track inclination modifies
=60° fromc. The temperatures aféom bottom to top: 70, 75, the size of these projections, one may expect a variation in
80, 85, 90, 92.5, 95 K. the effective pinning energy.

centered arOUﬂqu[, as it is the case fod?l =0°. ThEBq)t of IV. PINNING ENERGY VERSUS EFFECTIVE

Bi45 and TI60 ae 2 T and 1 T, respectively. Actually, one DEFECT SIZE

observes in Figs. 1 and 2 that the dip rather takes place _ )

around the “perpendicular equivalent field,B.q=Bag; A. Experimental precautions

xcos(@), which is equal to 1.41 and 0.5 T, for Bi45 and  The most direct wa¥" to extract the pinning energy in-
TI60, respectively. volves measurements of reversible magnetization in the unir-

This relationship betweeB.4 and the location of the dip radiated state, denoted hereafidy,,. Therefore,M,, has
is pointed out in Fig. 3. At a given temperature for eachpeen investigated, before and after irradiation, in the two
compound, reversible magnetization curves of the samples @amples chosen for this stud§l00 and TI60. The measure-
¢;,=0° and #;#0° are plotted versuB/B.q. In both com-  ments ofM,,, also allow us to correct the unavoidable uncer-
pounds, one observes that the dips #=0° and 6;#0°  tainty about the volumes, by assuming thég(B,T/T.) is
take place at the same valueBfB 4. This value is close to  the same in both samples. In practice, the smallest volume
1, but may be slightly different, as in Figs(@ and 3b). It was corrected by a multiplicative factor ensuring the super-

was previously reportéd that there is not a systematic, per- imposition of the [dM,/dInB](T/T) curves in both
fect correspondence between the dip location and the matckamples.

ing field. In particular, there is always a noticeable shifting
of the dip towards lower fields aBincreases. B. Basic equations
The characteristic field8.q is directly connected toq,

the track density in eachb plane: The reversible magnetizatioM ., can be derived from

the free energy, through the relation
Bcdznch CDQ. (31) 0 BZ

: . . . Mrev=— B 8w
The existence of a close relationship between the dip lo-

cation andn.qy demonstrates that the vortices in our mis-

4.0

In the frame of a London approaéts can be written as

2

- —7'Bi00 1+ T100 4 -20 F: E—f—nsl—npAs’ (4_2)
O -8 1 ofﬂfi
~ o} &"pm (@4 F 9 ()17 wheren, is the areal density of vortices localized onto
= [ Bias | 60 10 tracks, V\_/hllen is th_e total areal density of vortlpes,, ande,,
& .l e ,/" are the line energies of a vortex located outside of the tracks
< ..."'/'\\,r" S N 130 or in one of them, respectivelhe =&~ ¢, is the pinning
ot oy, (B (d) energy per unit lengthg, is the basic energy scale
0.1 1 0.1 1 10 = (D yl4m\4p)2, Wherel ,y, is the in-plane penetration depth,
B/B B/B and d is the mean vortex spacing, connectedBidy the
cd cd relation:B=nXx®,=d,/d?.
FIG. 3. Reversible magnetization curves verskB.4 (see The free energy in the virgin staf,, can be estimated

text): (@) at T=70 K, for §,=0° in Bi-2212,(b) at T=70 K, for ~ from Eq.(4.2) by consideringn,=0, and by using the com-
6,=45° in Bi-2212,(c) at T=80 K, for ,=0° in TI-2212,(d) at  plete expression ot including the core contributior
T=80 K, for §,=60° in TI-2212. The arrows emphasize the close = o[ IN(\ap/&ap) +3], Where &,y is the in-plane coherence
relationship betweeB_4 and the location of the dip. length (862=<I>0/27T§§b). In this way, one obtains
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c B? Bsol(d) 1} 3 O~ a
un 877 Eab ' r 1
—-10 } .
Except for a factor close to unityd:0.381), which ab- G C ]
sorbs numerical constants, this is the standard expression of ~—- _sob ]
the modified London model, when one roughly takes into - 1
account the core contributioh'® = ]
5 -30 .
. B2 Begg | 7B 1 »
gzt B "V B T2 @4
From Eq.(4.1), one derives r
—-50 2 a1 el . L a1l 1 Lo
' 10° 104 10°
€0 7 Beo
M= _ZCIDOm( B ) (4.9 B(G)
Note the absence of a facter=2.72, in the denominator, FIG. 4. Reversible magnetization curves versus field, illustrating

compared to the pure London model. It turns out that thighe extraction of the pinning energy Bt=1000 G(sample TI60.
factor is cancelled out by the core term fiy,,. This core  The dashed lines are logarithmic fits to the data obtained before
contribution makes Eq4.5) closer to the Hao-Clem modél irradiation, while the filled circles are the measurements after irra-
than the pure London approach. Combining E@sl) and diation. The solid, straight lines are the corrected ‘“virgin curves,”
(4.2), the reversible magnetization in the irradiated state cateading to a superimposition on the “irradiated ones” in the high

be expressed as field regime(see text The arrows display the chosen criterion for
AM (see text
an,
Mir=MuntAe X 9B | (4.6 netic screening. This approach leads to renormalize\the
value of the virgin state to an effective, larger penetration
C. Analysis of the low field regime depthi,p:
Following the literaturé;® one considers that all the vor-
9 X2,=\2y/(1-27R%,ncq), 4.8

tices are pinned on tracks in the low field regimB (
<Bgg), i.e., np=n. As a consequencegi,/dB)=1/Py,  wheren.qyandR,, are the areal density and the characteristic
andAe can be directly derived from the shift in magnetiza- size of the defects in thab planes, respectively. For tracks
tion AM =M —My: parallel toc, one hasR,,=R, while for tracks atd; relative
to ¢, we consider’ R,,~ VRX R/cosé. With R=5 nm and
Ae=AMX®,. (4.7) ~ 0 o2 i
Neg=5x%10 cm 2, one obtains (2R3 n.4)=0.92.
Some examples d¥l,.,-vs-In(B) curves, before and after ir- This value is independent of,, since the increase d®2,
radiation, are given in Fig. 4. One observes tMatis shifted  (by 1/cos6;) just counterbalances the decreaseng§ (by
from M,, even in the high field range for whidd>B,. cos#,). The modification oh ,}, induces a renormalization of
This behavior was systematically observed, forTaltalues, &y andM;:
not only in TIOO and TI60, but also in another pair of TI-2212

crystals irradiated in the same conditions. Similar results go=go(1—27R2Ncq), (4.93
have also been obtained in Refs. 1 and 2. By contrast, in Ref.
10, the curves merge together at high fields, akig| is M= My 1— 27R2 Ncq). (4.9b

found to be larger thatM,,| in the region of the dip. This
last behavior seems inconsistent with E4.6) since nega-
tive values ofAe X (dn,/9B) are not expected. In our case,
the persistence of a clear shift betwddr andM ,,, for B
>B.q, questions the reliability oM, in Eq. (4.6). In fact,
the “virgin magnetization” involved in Eq(4.6) isrelatedto — L
the contribution of vortices located outside the tracks. ThereMun instead ofM,, for the derivation ofAM andAs. In
fore, an extrapolation oM (B>B,y down to low fields Practice, we adjusted, in each case, the paraméter
should be more relevant to the present analysis tkiap =Mu/Myn, leading to a merging ofM,(InB) with
measured before irradiation. M;(InB) at high fields. Owing to the reduction df; after
This procedure actually permits us to take into accountrradiation, theK values slightly decrease dsincreases, but
irradiation induced modifications of superconducting paramihey stay in the range 0.93-0.85, consistently with the esti-
eters, which affect all the vortices even those outside of thenate of (1- 27R2,nc).
tracks. The two main expected effects are a slight decrease of The derivation ofAe from Eq. (4.7) can be performed
T. (found to be about 2 K, for TIOO and TIg0and an in- only for fields much lower tharB.y. The data led us to
crease of \,,. The latter effect has been previously chooseB=1000 G, in order to allow for a determination of
addressed'® by considering the influence of tracks on mag- A& on a broad enough temperature range, in both samples.

It turns out that this correction directly yielm(ln B)
curves which are very close ®d;(In B) at high fields, i.e.,
well consistent with a regime where most of the vortices are
outside the tracks. This behavior prompted us to make use of
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2
€0 Rab
~_~ —{ 1+ =
g ol | Ae 5 1+In \/igab) for Ryp= \/Egab,
~ 5t i (4.11a
& ~ 2
0 € R
T AT 1 Asz—o( ab ) for Ry <2¢ (4.11b
b= b- .
8 3L 2 \/Egab : :
\J It turns out that Eq(4.113 is the most consistent with our
< 2r 1 data. Indeed, the experimentale values are larger than
1l | 80{% and theilT dependence appears to be essentially related
to SO(t) .
00 p 0'7 0'8 0'9 10 Let us try to quantify the expected influence of the track
’ ’ ’ ) ) inclination onAe. SinceR,,=R for TIOO, Egs.(4.103 and
T/T (4.113 lead to INR/\2&,,)~0.5. According to a previous
c study on TI-2212, one can consider an average vajye

FIG. 5. Pinning energy versus reduced temperatureBat ~3 NM in theT range of Fig. 5. This yields & value
=1000 G, in TIOO(filled squaresand TI6O(filled diamonds. The ~ around 7 nm, i.e., slightly larger than the amorphous core
track projections on thab planes, in TIO0 and TI60, are sketched itself (=5 nm). It is not unexpected to find a value of the
by the circle and the ellipse, respectively. The solid lines are lineagffective pinning radius which is larger than the amorphous
fits to the datasee texk core? since it is clear that superconductivity must be affected

in the matrix just surrounding heavy-ion tracks. For TI60,
D. Results one haRR,,~ J2R. Using the above estimates Rfand&,y,,

. _ Eq.(4.113 yieldsAe~ 1.35;:0 for TI60, which is close to the

Figure 5 shows\ e versust=T/T,, for TIOO and TI60, at ; .

B=1000 G. These values were obtained fraxaM =M, exper!mgntal resullEq. (4'195]' Beyond .”“? rather good
~ e i i quantitative agreement, the important point is that a measur-

—Myn but the results are qualitatively identical f&M  gpje gifference ime could be expected betwedh=0° and

=M;—My, [the Ag(t)’s are just slightly shifted to higher 4 g0 and such a difference has been actually observed.

values in the latter cageln any cases, thd e values are

fobulmtl to be '?rger fo'ei:% 7tha” forf.aidzo -~ In (tjhf ava'g V. MODELIZATION OF THE FIELD DEPENDENT SHIFT
able temperature rangéx0.7), one finds a good linear de- -~ ) 'BET\WEEN THE VIRGIN AND IRRADIATED

pendencé e =A*(1—t), as in Refs. 2 and 3. The prefactors STATES
are found to beA(TI00)=11.7x10 ‘erg/lcm andA(TI60)
=16.7<10"7 erg/cm. These values are of the same order of A. Preliminary remarks

magnitude than those of Refs. 2 and 3. It is convenient t0 e first attempt to account for the shapeMbf-vs-In(8)
expressie as a function of the basic energy scalg The  ¢,es in the whole field range, i.e., froB<B, 4 up to B
eo(t) values were derived from Ed4.5), using the data 5. was carried out by Bulaevskii, Vinokur, and Maley
before_ |rrad|at|on._The aanyS|s of t_he whole temperqturqBVM modef). This model assumes completly decoupled
range is well consistent with a BCS-like dependence, yieldpancakes and includes entropy contribution to the free en-
ing \ap(NM)=190A/1—t*. However, if one just considers ergy The pancakes are distributed among two types of site,
the highT range corresponding to the study after irradiationcorresponding to a localization in one of the tracks or be-
(t=0.7), &o exhibits a linear dependence:o(erg/cm)  tween them. This problem can be mapped onto the statistics
=12.3x107'(1~-t). Since theAe values in Fig. 5 were  of fermions. The general expression bf,(InB) derived
derived from the renormalized magnetizatibh,, the most from this model was shown to reasonably fit to the data of
relevant energy scale is;=0.92x ¢,. The pinning energies Refs. 2 and 3. We propose here another approach based on
for TI0O and TI60 can finally be rewritten as Ref. 1, which included the random nature of the track distri-
bution. The entropy is not taken into account in this case,
— thus the general expression Mf; is just given by Eq(4.6).
Ae(TIO0)=1.0Z,, (4.10a
B. Modelization

Ag(TI60)zl.48c;~0. (4.10b The problem i§ to dgtgrmine thﬂ:commodation function.
ny(n). The required limit behaviors—already assumed in
Sec. IV—areny,=n for n<ngq, andny,=ncq for n>n.q.
E. Discussion We presently need to construct a continuous function over
. . the whole range ofi/n.q. To do this, it must be realized that
The two main features of these results &jeAe values o \ortex-vortex interactions oppose a complete accommo-
close toey, (i) existence of a slight increase &t with Ry, dation of the vortices to the random track distribution.
(characteristic size of the track projection on #ieplanes. In the simplest quantitative approatione estimates the
These features are in aCCOl’danceNWith the theoretiC%hortest distance Separating two pinned vortices. The re-
expressior®22of Ae (replacingsg by &) pulsive energy per unit length between two vortices, sepa-
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rated by the mean vortex spacind, is equal® to T T
2&gIn(Agp/d). One can derive by balancing the pinning and 10k i ___._]
interaction energies, when one vortex approachs the other t j
fill a track. The distance corresponds to the situation where T '

. . . (@) 0.8 ]
the energy decrease due to pinning of the second vortex jus /
equals the increase of interaction energy. One obtaind a /
X exp(—Ael2¢e,). For very weak pinningfs<eq), one has o8 ! o
p~d (the vortex lattice is almost undisturbedvhile for g
strong pinning,p tends to 0. It may be more useful to con- 0.4 dt
sider the distancA =d— p, which corresponds to the largest El
possible displacement of a vortex from its equilibrium posi- 0.2 .
tion in a lattice. Grayet al?® have precisely evaluated this
quantity by considering the interaction with the neighboring 0.0 il -
vortices over a large scale. Within this approach, 0.1 1 10

A=od, (5.13 n/ncd
As FIG. 6. Calculated densities of trapped pancake vortiogs s
o= 2—80, (5.1b function of the total vortex density perb planes(n) present work

with ¢=0.92 (solid line), BVM modef with p=1000 (dashed

with 8~0.77. This is a more general result than the previoudin®)- The low field limit of complete pinningr{=n;) corresponds
approach o= 1—exp(—Ae/2e,)], which just involves two to the dotted Iir_we, _andpd is the track density in feacmb plane. The
vortices. This previous result actually corresponds to the cagf®sent modelization involves an array of cefize A =od), cen-
of a large vortex displacement along a nearest-neighbor di_ered_on the equilibrium vortex positioristarg, and separated by
rection. According to Ref. 23, this specific situation leads to he distancal (see text

a slightly different paramete~0.62. With this value, it

— 2
turns out that both expressions @fare nearly superimposed Mir=Mun(1—27R;pNcq)
as long askAe/2e7<2. As
In Ref. 1,n, is estimated by considering that cells of size + 3[1— expl—a)—aexp—a)], (5.3
0

p (in a closely packed arrangemgrtannot contain more
than one pinned vortex. This yields an upper limit foy,

which can be considered as a good approximationHor
>B.q. Nevertheless, this expression obviously fails Br _
<B,q, since it can exceed. In order to describe the whole C. Comparison to the data

field range, we use a slightly different approach, with cells of  Figure 7 shows examples of fits to experimental
size A, centered on the positions of vortices in a lattisee M, -vs-In(B) curves via Eq.(5.3. We used TI60 for which
inset of Fig. 6. To simplify, we considered a square lattice the reversible domain is the largest in field and temperature.

and square cells. Note that the cells do not overlap, even fo&s previously discussed, the first term in the right-hand side
the largest value ofr. A vortex is pinned if its cell contains

at least one track. This approach ensures that the distance -5
between two pinned vortices is always larger tharbut it
can lead to underestimatg,. For instance, wheB>B_q,
this model does not take into account the possibility of local
distortions in the vortex lattice, allowing for the occupancy
of tracks located outside all of the cells. Bearing in mind the
limits of this approach, we derive approximationof n,

by multiplying n by the probability for finding at least one
track in a cell of sizeA. This probability is =Py, where

Py is the probability for finding no track in the cell. Accord-
ing to the Poisson distribution of the tracky=exp(—«),
where « is the mean number of tracks per cett= A?n.q
=a2ngy/n). It results that

with a=a2ng4/n.

47M (G)

np=n[1—exp(—02ncd/n)], (5.2 BE— E—
103 10*
o is the pinning parametéEq. (5.1)], which increases from B ( G)
0 without pinning, up to 1 for maximal pinning. The function

Np/Neg versusn/ncq is shown in Fig. 6, for a typical value of FIG. 7. Data of reversible magnetization versus field in TI60
o. The reversible magnetization can be directly derived fromilled circles, together with fits to Eq(5.3) (solid lineg and curves
Egs. (4.6) and (5.2). Including also the renormalization of before irradiation(dashed lings at (8) T=95 K, (b) T=85 K,
Nap [EQ. (4.9D], one obtains and(c) T=75 K.
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of Eq. (5.9 was derived from an extrapolation of the high
field range. The parametds .y was fixed to its nominal
value, i.e.,B,q4=5000 G for TI60. The fits yield values of
the parameteo?, which is related to the shape of the cross-
over between the low and high field regimes. In the whble
range, it was found that?=0.92+0.05. This parameter is
linked to Ae by Eq. (5.1b, which can be rewritten as?

— BY(Ael2ey), Wheree, has been substituted by, With
the Ae values found in Sec. IVEQ. (4.10] and3~0.77, the
expecteds? value should be equal to 0.44, i.e., smaller than i ]
half the experimental value. Nevertheless, it was pointed out -50 | B 5K
in Ref. 23 that the calculated? value is increased by factors I o ]
~2-3 when one considers a highly disordered vortex array, 10 10* 105
as it must be the case arouBd,. Considering this correc- B(G

tion, the experimental values dfe and o> become consis- ( )

tent with each other. Note, however, that one must be cau-

tious in the quantitative comparison betwe&e and o?.
Indeed, Ae is rather well defined by the height of the
“jump” between the low and high field regimes, whereas
the fitting yields a largeapparento? value, to counterbal-
ance the weakness of the model which “oversmooths” the . .

ny(n) variation. As a matter of fact, Fig. 7 shows that the f:srzgszlsg.TT;ewgﬁgerZic?ie?\)v/gﬂenmt%ieLV\llz Pne(;[tjeezlsa—;ssdg;n ha-
experimental dip ifM;(In B) is more pronounced than in the . di .F' 6. th h th lculated field d d fp
fitting curves. The agreement is betterfamcreases, i.e., as §|z§ tlr? '9. 5, Ft‘;‘”g € C,? culated e dgeper; etﬂqq’f?[t.
the effective pinning energy decreases. Icnuers oialfiZS,BWI parameters corresponding to the Titting

FIG. 8. Field dependence of the reversible magnetization of
TI60 at 75 K(filled circles, together with the fitting curves to Eq.
(5.3 (present work, solid lineand Eq.(5.4) (BVM model,® dashed
line).

D. Comparison to the BVM model

Let us now compare our fits with those derived from the VI. CONCLUSION

BVM model” Following the proposed method, the expres-  Reversible magnetization has been investigated, as func-
sion used to fit to the data is tion of field applied along, in TI-2212 and Bi-2212 single
crystals containing columnar defedtsDs) either parallel to

M. =W+£ N u+u’+pb (5.4 the ¢ axis, or tilted by an angleg,. In all cases, the
R ON 1+p ' ' M e-Vs-IN@B) curves exhibit the same unusual shape, with a
field region of negative slope smoothly connecting two
u=[1+(1-b)p]/2, nearly parallel lines of positive slope, in the low and high
field regimes. These features, previously reporteddfer0,
b=B/B.g, are thus found to persist for highly “misaligned” situations,
i.e., for large anglege.g., 60°) between the field and the
pP=(2kT/&(S)(B¢q/Bco)exp(sAe/kT), CDs. Moreover, comparisons betwe#p=0° and 6,#0°

—~ . . clearly indicate that the dip in the crossover region takes
whereMj; is the linear extrapolation o;-vs-In(B), from  place for the same rati®/B.q, whereB, is the field at

the low field regime B<B,) to higher fields, the interlayer hich the vortex and track densities, peb plane, are the
spacings was fixed to 1.5 nmB.4 was fixed to 5000 G, sgme.

corresponding tBq=1 T with #;=60°, according to a  For a few samples, reversible magnetization curves were
previous study, we took B¢, (T)=180x(1-t), andeo  recorded before and after irradiation. These measurements
was substituted by, clearly display the persistence of a shift in the high field

The fitting yieldsp values which rapidly decrease @s regime B>B.y) between the curves of the virgin and unir-
increases, e.gp=1000, 150, and 1.5 fof =75, 85, and 95 radiated states. Note that this behavior is still controversial in
K, respectively. These values are in good agreement witthe literaturé-3'%In the present study, the shift was system-
those derivetifrom the data of Refs. 2 and 3. atically observed in four samples measured before and after

Figure 8 displays, at a given temperature, the fittingirradiation. It is shown that such a decrease of|if1¢ values
curves from Eqgs(5.3) and(5.4). Comparing to the data, the after irradiation, in the high field regime, can be accounted
crossover aroun®.q is clearly too smooth in our model, for by an increase of the effective penetration depth due to a
while it is too steep in the BVM model. This must be relatedscreening effect by the tracks.
to the fact that our model underestimatgs, whereas it is The pinning energyAe, has been determined in Tl-2212
likely overestimated in Ref. 5, since the spatially-randomcrystals irradiated a#;=0° or §;=60°. The pinning energy
track distribution is not taken into account. Recefifijtwas  was found to be slightly larger in the latter case, nanily
also suggested that the shapeMf.,-vs-In(B) could be af- erg/cm, for t=0.7), Ae(0°)=11.7X10 ’(1—t) and
fected by a coupling transition of the pancakes as field is\e(60°)=16.7<10 (1—t). This variation is in good
increased. The fitting quality of our model increases With agreement with the expected increase\efwith the size of
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the track projections on theb planes, which is the relevant step would consist in combining such entropic effects with
parameter to pancake pinning. This result also reinforces thihose induced by the spatially random track distribution.
interpretation recently proposed to account for the existence
of larger critical current densities with=75° than with;
=0°, at low field in BI-221225 ACKNOWLEDGMENTS
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