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We report significant alteration of the equilibrium properties of the superconductor,8geau;0O, when
correlated disorder in the form of randomly oriented columnar tracks is introduced via induced fission of Hg
nuclei. From studies of the equilibrium magnetizatp, and the persistent current density over a wide range
of temperatures, applied magnetic fields, and track densities up to a “matching field” of 3.4 T, we observe that
the addition of more columnar tracks acting as pinning centers is progressively offset by reductions in the
magnitude ofM.. Invoking anisotropy-induced “refocusing” of the random track array and incorporating
vortex-defect interactions, we find that this corresponds to increase in the London penetratioi ;déish
reduces the vortex line energy and consequently reduces the pinning effectiveness of the tracks.
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I. INTRODUCTION irradiation with thermal neutrorfs High-T, materials con-
taining randomly oriented CD’s exhibit a variety of interest-
Much has been done over the past decade or so to undeéng physical phenomena, e.g., a temperature-independent
stand the interaction of superconducting vortices in High- quantum tunneling of vortices in Bi-2212 materidls stud-
cuprates with correlated disorder, which generally givedes of Hg-cuprates containing one, two, and three adjacent
strong vortex pinning. Most widely studied have been co-CuO layers, it was showfi that sufficiently high supercon-
lumnar defects, which typically are formed by irradiation ductive anisotropy can lead to a rescaling of the splayed
with energetic heavy ions; such particles are highly ionizinglandscape of random CD’s. As a consequence, the pinning
and create tracks of amorphous material along their batharray and the applied field are “refocused” toward the crys-
Many morphologies have been investigated, ranging fromalline ¢ axis, even in polycrystalline materials. Later we use
the familiar parallel tracks to inclined defects, crossed arrayhis feature for interpreting the present studies.
with “designer splay,” etc. Early theoretical insights and In addition to providing vortex pinning sites, correlated
ideas came from Nelson and Vinokwand Hwaet al® Nu- disorder doubtlessly also affects the equilibrium supercon-
merous experimental studies have shown that such defectigicting properties, e.g., the characteristic length scales such
are supremely efficient in localizing vortices to their vicinity. ask andé. What is little known, however, is how this alters
This is manifest through strong enhancements of critigg) (  the pinning landscape; for example, an increase iwill
and persistent current densities in some regions of the phageduce the vortex line energy and hence the pinning force
space. It is also clear that outside these confined regions thvéll be reduced.
localization effects are lessened, in part by the complex vor- In this work, we examine the equilibrium magnetization
tex (variable range hoppinglynamicé which interferes and Mg in the mixed state of the anisotropic cuprate
competes with pinning. HgB&CaCu;0O,, both in its virgin state and when contain-
Vortex pinning by proton-generated fission defects wasng randomly splayed columnar defects installed by fission.
first demonstrated in Bi-cuprate matertdisnd can be gen- For virgin Hg-1223,M¢, can be scaled following a recent
erally applied in cuprate superconductors that contain a suformulation!!*2With the addition of splayed CD’s, the mag-
ficient density of heavy nucléiThe method was devised to nitude of M, decreases significantly, especially at low
circumvent a problem of generating columnar deféé®’s)  fields. In addition, the defects generate a pronounced devia-
by heavy-ion irradiation, namely, their limited range, typi- tion from the “standard” London field dependence, giving an
cally a few tens of micrometers. Krusin-Elbawehal® dem-  anomalous “S” shape to plots ol .4 versus Ind). By using
onstrated an indirect formation of columnar defects by irra-the concept that sufficiently large anisotropy rescales the ran-
diation with deeply penetrating 0.8 GeV protons. An incidentdom track collection into an equivalent parallel defect
proton is absorbed by a heavy nucleity in the present array!® we apply—in addition to a conventional London
casg in the material, excites it, and induces it to fission into description—the vortex-defect interaction model by Wahl
two particles with similar mass. The recoiling fission frag- al.,®> which considers a Poisson distribution of parallel
ments, each having- 100 MeV energy, form randomly ori- tracks. We show that the S shapeM{, is accounted for by
ented CD’s deep within the superconductor. In a differenthe magnetic coupling between defects and vortices. The
approach, Weinstein and co-workers created CD’s by dopingtondon penetration depth significantly and progressively
a superconductor witf*®U, which is induced to fission by increases, in accordance with the Wahl-Buzdin description.
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This effect counteracts the nominally positive influence of 0 — — Ty
increasing the defect densiByg, and it plays a major role in
- o Hg-1223
determining the level oB4, that maximizes the current den- 1k s -
sity J;. P 2R 2 A S A v vy - =71
207 aad i
Il. EXPERIMENTAL ASPECTS i A A T=80K
< Ao . .A- A
Samples for study were bulk polycrystalline ©3r g B = T
HgBa,Ca,Cu;0, materials (Hg-1223 containing sets of i "0 expt (By=0)
three adjacent oxygen-copper layers. As described in detalil 4t .
by Earanthama?f‘, the starting materials were synthesized in B London fit
a single step, solid-state reaction using stoichiometric quan- St = - A-M (BT -
tities of HgO, BaO, CaO, and CuO. The resulting porous I i _-D - Meq (B.~34T)
material (with mechanical density-70% of the x-ray den- 6 T e e
sity) was annealed in 1 atm of oxygen at 300°C, which 0.1 1 10
elevated the superconductive transition temperafiyeo HoH (T)

133-134 K. Small pieces, typically 30 mg mass antd mm

thickness, were all cut from the same pellet. The samples FIG. 1. (Color onling The magnetization of virgin Hg-1223 at

were irradiated at room temperature in air with 0.8 GeV80 K vs applied magnetic fieldlog scale. Open squares show the

protons at the Los Alamos National Laboratory. Protonmeasuredv inincreasing and decreasing field history, while closed

fluences ¢>p were 0, 1.0, 3.2, 10, 19, and ]9 06 squares show the averayg~M,. The solid line is a fit to the

protons/cm, as determined from the activation of Al dosim- conventional London Ifi{) dependence. Data for Hg-1223 contain-

etry foils. The resulting density of fission events NgV ing randomly oriented columnar defects are included for compari-

= 0Ny Hereny, is the number density of Hg nuclei °™

and o;=80 mb is the cross section for inducing a prompt

fission of Hg nuclei. Each fission produces one CDN¢W perconducting state; the background signal was largest

is the volume density of defects, also. One can convert thi§~0.4 G) at the maximum field of 6 T, giving an uncertainty

into an approximate area density of CD’s by multiplying by of <0.05-0.1 G in the equilibrium magnetizatiod ¢ .

the track length~8 um, and the area density can be reex-Above the irreversibility line wheréAM =0, this process

pressed in units of a matching fiel}, by multiplying by the  yieldsM directly. Near the irreversibility line whe&M is

flux quantumd,. Resulting values for the defect density are small, we obtairM ¢, from the (background-correctedver-

By=0, 0.1, 0.3, 1.0, 1.9, and 3.4 T, respectively, for theage magnetizatiopM(H|)+M(HT)]/2, as illustrated in the

proton fluences used. The fission process is random in diredellowing section. This averaging procedure, which follows

tion, giving randomly oriented CD’s. Transmission electronfrom the Bean critical state model, is least reliable when the

microscopy studies of both Bi-2212 and Hg cupritémve  magnetic hysteresidM is large, i.e., in lower magnetic

demonstrated the presence of randomly oriented columndields. For the irradiated Hg-1223 materials, we estimate the

defects in these higfi; materials. associated uncertainty M, to be<0.2-0.3 G at the low-
The superconductive properties of the virgin and pro-est fields used, 0.15 T, and less in larger fields.

cessed samples were investigated magnetically. A supercon-

ducting quantum interference device based magnetometer

(model quantum design MPMS;7equipped with a high ho- ll. EXPERIMENTAL RESULTS

mogeneity 7 T superconductive magnet, was used for studies

in the temperature range 5-295 K, in applied fields to 6.5 T.

The superconductive transition temperatufeswere mea- We begin by considering the equilibrium magnetization in

sured in an applied field of 4 O®.4 mT) in zero-field- the mixed state. Figure 1 illustrates the method used to ob-

cooling and field-coolingFC) modes. The resulting values tain M¢q by plotting the background-corrected experimental

for the onset temperatuf, are 133, 134, 132.3, 132, 131, magnetization for the virgin materigbpen squargsversus

and 129.3 K, respectively. Values for the Meiss(fe€) frac-  applied magnetic fielgioH on a logarithmic scale. As de-

tion —47M/H lie in the range of 40-50 %, except at the scribed above, the closed symbols show the avetdge

highest fluence where the fractional flux expulsion was 29%which provides a very good approximationb., when the
The isothermal magnetizatidi was measured as a func- hysteresis is small. The solid line is a fit to conventional

tion of applied magnetic field. BeloW, and below the irre- London theory, which provides th# is directly propor-

versibility line, the magnetization was hysteretic due to thetional to (1A3.)In(8B/H), wherel y, is the in-plane Lon-

presence of intragrain persistent currents. From the magnetiton penetration deptf§~1.4 is a constaft of order unity,

irreversibility AM=[M(H |)—M(HT)], the persistent cur- andB,, is the upper critical field’ More explicitly, one has

rent densityJ was obtained using the Bean critical state re-with H|| ¢ axis of a uniaxial superconductor that

lation JAM/r, wherer~4 pm is the mean grain radius.

Measurements of the background magnetization in the nor- N

mal state abovd, were used to correct the data in the su- Meq= —(Po/32m N 5p) IN(BH2 /H). @

A. Equilibrium Properties of Virgin Hg-1223
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FIG. 2. (Color onling The equilibrium magnetization FIG. 3. (Color online Scaling of the magnetization and applied
Meq(H,T) plotted vs Int) for unirradiated Hg-1223 at the tem-  fielq by the (relative) upper critical fieldhg, for virgin Hg-1223.
peratures shown. Lines are fits to conventional London theory. | gyer inset shows scaling field,, vs T, fitted to Eq.(5) (solid

_ _ ) ) line). Upper inset compares values fog, with results forH,,
If H is oriented at angled with respect to thec axis, the  from London analysis in Fig. 2.

resulting response can be obtained from the anisotropy

; 8
functiorr Landau parametek=\/¢ is independent of temperature,

— 2\ i 1/2 then M¢y(H,T) is a unique function oH/H(T). Conse-
e(0)=[cos(0)+ (Ly")sir(6)]", @ quently,qit follows that the equilibrium magnetizations in
where y=(m./m,,)*? is the mass anisotropy ratio. For a field H at temperaturd& and(arbitrary) reference temperature
randomly oriented polycrystalline material, the angularly av-To are related as follows:
eraged equilibrium magnetization is

(Meg) = — (6/3272\2)[(12)In(BH o /H) + (1/4)] MH. To) =M (hezH. )/ ez, @

& whereh.,=H(T)/H(To). To apply this scaling relation-

in the limit that y is large. ship, we chos@,=85 K and manually varieti., to super-

The straight line fit in Fig. 1 shows that the LondonH)(  position the data for each temperatuiéhile a term of the
logarithmic variation describes the field dependence wellform cy(T)H was included in the original analysts? to
Also shown for immediate qualitative comparison are dataaccount for additional contributions #d, we took a mini-
for M¢q of irradiated samplegat 77 K) with defect densities  malist approach of having., as the sole parametgiThe
By~1.0and 3.4 T. results are shown in Fig. 3, which pld®/h,, versusH/h,

Results forM¢q in the virgin Hg-1223 material at other for a wide range of temperatures. Given the simplicity of the
temperatures are presented in Fig. 2. One sees from the linegpproach, the scaling is quite good. The resultshig(T),
regression lines that the London field dependence is followedhown in the lower inset, are well behaved. Following Lan-

over a wide range of fields and temperatures. Deviationglau and Ott, we fit the temperature dependence to an expres-
from linearity occur at low fields whell approached sion of the form

where simple London theory is not valid, and at low tem-

peratures where the materials are sufficiently hysteretic that

the averaging procedure illustrated in Fig. 1 is not valid. hea(T)=hea(0)[ 1= (T/Tc)*] ®)
From Eq.(3) and the slopes of the curves in Fig. 2, we obtain

values for the London penetration depth,(T) in the virgin ~ for T=90 K. This describes the data wétlolid curve in the
material. These results will be compared and contrasted witlower insej and yieldsu=2.5 andT,=134 K, which is
values deduced for the irradiated Hg-1223. In addition, thejuite close to the diamagnetic onset of 133 K measured in
intercepts provide a measure of the upper critical fieldlow field. Unfortunately, the scaling analysis provides only

e'?BB,(T), wheree~2.718 ... is thenatural logarithm relative values forH,. So it is useful to compare these
base. We now compare these results with those from a scalesults with the corresponding determinationg8éf., from
ing analysis. the London analysis. This comparison is shown in the upper

Recently, Landau and Ottdemonstrated a useful scaling inset to Fig. 3. The error bars show one standard deviation
methodology based on Ginzburg-Landau theory. This haand the straight line illustrates a simple direct proportional-
been applied to both single crystal and aligned particlaty. While there seems to be a systematic deviation from such
arrays! and more recently to randomly oriented, polycrystal-a simple relation, most data lie within two standard devia-
line superconductor. If one assumes that the Ginzburg- tions of a linear dependence.
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B. Equilibrium properties of Hg-1223 with randomly oriented
CDs

We now address the question of how the addition of ran-
domly oriented columnar defects modifies the equilibrium
magnetization in the mixed state. The qualitative effects of
the CD’s are illustrated in Fig. 1, which includes data for
Meq at 77 K for irradiated samples with defect densities
By~1.0 and 3.4 T. Comparing these data with the virgin
curve shows that the CD’s reduce considerably the magni-
tude of the equilibrium magnetization, especially at lower
fields. In addition, they generate a pronounced deviation (b)
from the standard London field dependence, giving, an
S-like dependence on field. This “anomalous” behavior has
been observed previously in cuprates contairpacallel co-
lumnar defects formed by 5.8 GeV Pb ions, in thallium-
based single crystals;in Bi-2223 tapes? and in Bi-2212
single crystalg®#!

b Thestf_bcl‘laggtes In thi. e.ql:”'bmtj.m mbaq[netlzattlr?n ha;/e FIG. 4. (Color online An illustration of the refocussing process.
een atlributed to magnetic interactions between the vor eéi) Polycrystalline material with randomly distributedaxes. (b)

Ie_lttlce and the F:olun_mgr defects. By_occupylrlg a pinningg e grain with randomly oriented columnar defects, in magnetic
site, a vortex gains pinning energy. This reduction in Syst€Mie|y with arbitrary orientatior,, . (c) after rescaling, both the ef-
energy must exceed the energy increase arising from dire@ictive field and defect array are tilted close to thaxis (Ref. 10.
intervortex repulsion when a vortex is displaced from its

natural position in the lattice to a particular columnar defecto212 materials, wherg~200. Here we test and confirm the
For a defect geometry with parallel tracks that have a Poisyalidity of the rescaling formalism in these Hg-1223 materi-
son distribution of separations, Wat al'® obtained an ex- g5 with significantly lowery~60. Below we show that vor-
pression foM that describes reasonably well the S-shapedex pinning by random CD’s provides a reasonable qualita-
field dependence in Tl-cuprate crystals containing parallefiye explanation for the reduction in equilibrium

CDrs. _ ) ) magnetization, despite the complexity of the materials in real
In the Hg-cuprates investigated here, one might expec§pace.

that the randomly oriented columnar microstructure should | et us now use the vortex-defect interaction theory of
entangle the vortices. Consequently, it is somewhat curiougyan| et al’® to model our experimental data. From the
thatMe, in polycrystalline materials with random CD’s can theory, one has foH| ¢ axis that
resemble single crystals with parallel defects. The operative

“refocussing” process is sketched in Fig. @) In real space, Ug
the sample consists of grains randomly oriented with respect Meq=—(£0/2P0)IN(BHc,/B) + 30
to the applied fieldH. (b) After irradiation, there are CD’s
randomly oriented about theaxis, which makes some angle UoBg

6, with respect to an applied magnetic field. Now, for highly x exy{ - ) ] ,
anisotropic single crystals, it is long recognized that only the

normal component of field is effectiv8 More generally, res-  Where eo=[®o/4m\a5]” is the line energylo=e, is the
caling gives a fieldA lying near thec axis; similar PiNNINg energy, and=(H+47M)=H sinceM is small.

argument¥’ lead to a refocussing of the CD’s into a narrow The firs_t term is the conventional London expressipp. The
distribution about thec axis. According to the theoretical second is an added term to account for interactions; it is most

development? the complexity of randomly oriented colum- significant in intermediate fields and it vanishes in large
nar defects in a polycrystalline material is reduced to a confl€ldSB>Bq, where vortices greatly outnumber defects. For

siderable degree by a large superconducting anisotropy, r&l inclined at angled from thec axis, one can introduce the
storing the simple physics of a crystal with parallel pins.2ngular dependence of the line energy, pinning energy, and
Indeed, studies of polycrystalline Hg-cuprates demonstratefc2 Via the anisotropy function Eq2). An angular average

a recovery of vortex variable range hoppitgRH), very for a (andomly oriented polycrystalline material leads to the
similar to that ogzszerved in YBaCuO single crystals contain-0llowing:

ing parallel CD’s>“ Among the Hg cuprates with one, two, _
and three adjacent Cu-O layers, the recovery of VRH was (Meg)=—(£0/2P0)[(1/2)In(SHc2/B) + (1/4)]
most pronounced in the Hg-1223 material with the largest 0 UoBo
mass anisotropy parameter We have suggestétithat this + E( 1- exr{ T =B
scenario—an anisotropy-induced refocussing of the defects 0 0
and field toward the crystalline axis—can account for the Here the symbols have the same meaning as above and we
S-like dependence d¥l.q on field in highly anisotropic Tl- assume thay>1.

UoBo
8oB

1—{14—

(6)

SOB

UoBo

+
1 805

]. (7)
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FIG. 5. (Color onling Plots ofM¢4(H,T) vs In(H) for irradiated )
Hg-1223 with(a) Bo~1 T and(b) with By~3.4 T. Symbols are FIG. 6. (Color onling The temperature dependence of the Lon-

experimental results with estimated error bars, while lines showdon penetration depth X3, . Values for the virgin sample come

modeling of data using Eq7) where effects of vortex-defect inter- from & conventional London analysis of the data in Fig. 5; for the
actions are included. irradiated materials, values come from modeling the equilibrium

magnetization shown in Fig. 6. Inset shows values far2]/ ex-

In using this expression, Ed7), to model the data at trapolated toT=0, plotted vs defect density; square symbols de-
various temperatures (77, 90, 100, and 110 Kour objec-  noteB,, values calculated from the proton fluence and circular sym-
tive was to maintain an internally consistent set of parambols are values used in the modeling.
eters. The results are shown as solid lines in Fig) for the
sample withBg~1 T and in Fig. %b) for the sample with a ues for T, and x and varying only the prefactor N%(T
higher defect density. Given the complexity of the polycrys-=0), obtaining\ ,,(T=0)=157 nm, which is comparable
talline material and of the vortex and defect arrays, the dewith earlier determination&' The resulting fit(solid line in
scription of the experimental datdilled symbolg is rela-  main figurg is “natural,” as illustrated by the fact that its
tively good. The values for the pinning energy are aextrapolation to loweT lies very near the lower-temperature
significant fraction of the line energy and are quite reasondata.
able, withU,=0.8¢, for both materials. To obtain reason-  In Fig. 6, the\ ., values for the materials with CD’s were
able modeling of the data for the two irradiated materials, wepbtained from the modeling procedure. All of these results
used values of 1.4 and 2.8 T, respectively, for the effectivesre reasonably behaved, Witﬁxi() varying roughly linearly
defect densitie8y, . The differences from the nominal val- with T at high temperature, but extrapolating To values
ues (calculated from the proton fluengemay arise from that are rather high. Thus we also fit the data for the irradi-
some overlap of tracks at the highest fluence combined witlated samples with the temperature dependence in(Eg.
uncertainty in calculating the production rate for CO'eY  again setting.= 2.5 and fixingT at the experimental values
analyzing the more highly anisotropic TI-2212 materiajs ( measured in low field, so that only the prefacton4(T
~200), comparable modelifwas achieved wittBy, val-  =0) was varied. The resulting fits, which are shown as solid
ues varying by~20% from those calculated from the proton Jines in the main figure, describe the data quite well.
fluence] The high density of tracks and their overlap may |t is clear that proton irradiation increased,, signifi-
account in part for the lower quality modeling in Figbh  cantly. This is expected from two theoretical perspectives.
where deviations are Iargest in low fields and where also thFirst, conventional GLAG (Ginzburg-Landau-Abrikosov-
averaging procedure described in Sec. Il is least valid. Gorkov) theory’® predicts that the penetration deptf in-

An important feature of any superconducting material iscreases as (& &,//) when the electronic mean free path
its London penetration depth. Figure 6 summarizes the res reduced by scattering, as produced by irradiation-
sults for these materials in a plot ofAf}, versus tempera- generated defects from neutrons and secondary protons re-
ture. Values for the virgin sample were obtained from a stanteased by spallation. Second, the theory of Wahl-BuZdin

dard London analysis of the data in Fig. 2. An extrapolationprovides that introducing CD’s increases the penetration
of a Ginzburg-Landau linear dependence ngar(dashed depth as

line) to T=0 yields a value\,,(T=0)=174 nm, but the

implied T value is too high. Alternatively, we can invoke the A"2(Bgp)=\"2(Bp=0)[1—27R?Bg, /D], (8)
underlying assumption of the scaling procedtrhat « is

temperature independent, which means that?l/should  whereR is the radius of a columnar track. The combination
have the same temperature dependendg.asHence we fit of these two effects leads to the significant, progressive in-
the present data for the virgin sampl&=90 K) with the  creases i\ observed in Fig. 6. To compare with E®), the
same temperature dependence in B&gusing the same val- inset of Fig. 6 shows }ng(TZO) [the prefactors from fit-
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pOH(T) FIG. 8. (Color onling The intragranular persistent current den-

sity J vs temperature for various irradiated materials, measured in
FIG. 7. (Color onling The magnetization of polycrystalline Hg- applied magnetic field of 0.1 T. The inset shows thait 100 K is
1223 materials at 60 K vs applied magnetic field. Samples werenaximized at a defect density of 0.1-0.3 T.

iradiated with various fluenceg, of 0.8 GeV protons, as shown, _ _ _ _
to create randomly oriented columnar defects with approximatdude of M in the decreasing field branch is much larger.
“matching fields” By, . These features imply that the addition of CD’s suppresses the

surface barrier, as recently discussed by Koshelev and

ting Eq. (5)] plotted versus defect density. These are pIottecM”Ok_Ur-30 _ _

as a function ofB,, values obtained both from the proton  Using the Bean model, one may obtain the persistent cur-
fluence (squares and the modeling procedureircles, as  'ent densltyJ(H,T). For these_ porous mgterlals with ran-
discussed above. The straight line in the inset illustrates th8@mly oriented, high-angle grain boundaries that are weakly
theoretical dependence in E(B) and agrees qualitatively linked, the magnetization reflects tigragranular current
with the data; the resulting valuR~8.7 nm is somewhat density. Some results of this analysis are shown in Figs. 8
smaller than the 11 nm value obtained for TI-2212and 9 as plots of versus temperaturg, in applied fields of

materials?® In each case, it is likely that the CD's have a 0.1 and 1 T, respectively. The enhancement is modest in

large effective radius due to oblique passage of ions througl‘PW fields; this can be attributed to the presence in the virgin

CuO planes and an oxygen-depleted region surrounding teample of both naturally occurring defects that provide some
amorphous track® pinning and the likely influence of surface barrier effects, as

An interesting consequence of a larger London penetrae_llready nof[ed. In higher fields, t_he contribution of the ran-
tion depth is that the vortex line energy~1/\2, decreases 40M CD's is more apparent ardis enhanced by about an

significantly. As a result, one can expect the vortex pinning®rder of magnitude. For highi; materials with these angu-
energy of a CD and its pinning force to decrease, reducing it rly dispersed defects, one generally achieves the maximum

effectiveness. A progressive decrease: gfcan be expected ———.,

to counteract the nominally positive influence of increasing g p——
the defect densityBy, . Consequently it is interesting and 10fF o X Hg'1_223 SREOLT A
useful to examine how the irreversible properties of the ma- -y Ty Mo =1T A-03T |3
terials change with defect density, which we now consider. 1 e e, syt
- W, e ¥ 134T

C. Irreversible properties and persistent current density § AP _ L —\: i

As is well recognized, the addition of correlated disorder g o1 5§ w - b \; :
can increase the pinning of vortices, often quite significantly. ~ E / l : ,"ﬁ‘ ]
This is illustrated in Fig. 7, which shows the magnetization 0011 < : T=60K ] 1 .
M(H) at 60 K versus magnetizing field, for various defect oL L ! . ‘a “\’.»‘i. ]
densities. With increasing fluence, the “hysteresis loops” in- 0 ém (T 3 '
crease in width and become symmetric abouthhe 0 axis. 0.001 — ! : ! ! —

For the virgin sample, the asymmetry, in combination 9 20 40 T(K)6° &0 oo I
with the fact that the decreasing field branch lies near the
M=0 axis, suggests that surface barféré’ contribute to FIG. 9. (Color onling The intragranular persistent current den-

the observed hysteresis in this case. It is interesting to notgty J vs temperature for various irradiated materials, measured in
that a relatively low dosage of CD'84=0.1 T, symme- applied magnetic field of 1 T. Insel:at 60 K vs defect densitg,
trizes theM (H) loop significantly; in particular, the magni- exhibits a maximum at a defect density o2 T.
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J at some defect densi§q, near 0.2—2 T. This optimization the relative upper critical fieldh,,(T), as recently
is shown by the insets in Figs. 8 and 9. For an applied fieldliscussed? these results compare reasonably with values
of 0.1 T (Fig. 8 insef, J at 100 K is largest forB;  from a London analysis. For materials with random CD’s, we
=0.1-0.3 T. For the second example with a field of 1 Tinvoke an anisotropy-induced refocusing of the vortex-defect
(Fig. 9 inset, J at 60 K is largest foBg near 2 T. Qualita- array and model these results using the theory of Wahl-
tively, the optimum defect density in each case is comparabl8uzdin that incorporates vortex-defect interactions. This
with the vortex density, i.e., about 2 times larger. analysis shows that the addition of random columnar defects

For higher defect densities, the current densltyde- increases the London penetration depth markedly. The suc-
creases. This is due primarily to a suppression of the vortegess of this analysis demonstrates the essential correctness
line energy and pinning energy, as a consequence of thand applicability of the refocussing mechanism in these ma-
large, experimentally observed increases in the London penerials with intermediate anisotropy~60. Enhancements in
etration depth. Thus we believe thltae competition between vortex pinning increased the persistent current dendity
increasing defect density and weakening line energy plays with the optimum defect density depending on the range of
major role in determining the range of8that maximizes field and temperature. However, a high density of CD’s in-
the current density,Jas illustrated in the insets of Figs. 8 and creases\ and decreases the line energy, which diminishes
9. This competition is reminiscent of the formation of point- their effectiveness for pinning vortices. Finally, the study
like defects in YBaCusO;_ 5, where progressive removal of provides qualitative evidence for the suppression of surface
oxygen creates defects, but also reduces their effectivenebarriers in these Hg-1223 materials by a low density of CD’s.
through increases in the superconductive length sé&f€s.  Overall, we find a delicate balance between increases in the

An additional mechanism for reducinat higher defect density of correlated disorder—randomly oriented columnar
densities may be that the presence of additional CD’s helpdefects—and decreases in the equilibrium superconductive
us to initiate the hopping of vortices to nearby empty pinningproperties, which progressively reduce the effectiveness of
sites. A third potential influence is a suppressioff @f how-  each defect added.
ever, the change i is small and these measurements are
far from T, so this contribution is expected to be small.
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