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Pinning action of correlated disorder against equilibrium properties of HgBa2Ca2Cu3Ox
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We report significant alteration of the equilibrium properties of the superconductor HgBa2Ca2Cu3Ox when
correlated disorder in the form of randomly oriented columnar tracks is introduced via induced fission of Hg
nuclei. From studies of the equilibrium magnetizationMeq 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 ofMeq . Invoking anisotropy-induced ‘‘refocusing’’ of the random track array and incorporating
vortex-defect interactions, we find that this corresponds to increase in the London penetration depthl; this
reduces the vortex line energy and consequently reduces the pinning effectiveness of the tracks.
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I. INTRODUCTION

Much has been done over the past decade or so to un
stand the interaction of superconducting vortices in highTc
cuprates with correlated disorder, which generally giv
strong vortex pinning. Most widely studied have been c
lumnar defects, which typically are formed by irradiatio
with energetic heavy ions; such particles are highly ioniz
and create tracks of amorphous material along their pa1

Many morphologies have been investigated, ranging fr
the familiar parallel tracks to inclined defects, crossed arr
with ‘‘designer splay,’’ etc. Early theoretical insights an
ideas came from Nelson and Vinokur2 and Hwaet al.3 Nu-
merous experimental studies have shown that such de
are supremely efficient in localizing vortices to their vicinit
This is manifest through strong enhancements of critical (Jc)
and persistent current densities in some regions of the p
space. It is also clear that outside these confined regions
localization effects are lessened, in part by the complex v
tex ~variable range hopping! dynamics4 which interferes and
competes with pinning.

Vortex pinning by proton-generated fission defects w
first demonstrated in Bi-cuprate materials5,6 and can be gen
erally applied in cuprate superconductors that contain a
ficient density of heavy nuclei.7 The method was devised t
circumvent a problem of generating columnar defects~CD’s!
by heavy-ion irradiation, namely, their limited range, typ
cally a few tens of micrometers. Krusin-Elbaumet al.5 dem-
onstrated an indirect formation of columnar defects by ir
diation with deeply penetrating 0.8 GeV protons. An incide
proton is absorbed by a heavy nucleus~Hg in the present
case! in the material, excites it, and induces it to fission in
two particles with similar mass. The recoiling fission fra
ments, each having;100 MeV energy, form randomly ori
ented CD’s deep within the superconductor. In a differ
approach, Weinstein and co-workers created CD’s by dop
a superconductor with235U, which is induced to fission by
0163-1829/2004/69~10!/104520~8!/$22.50 69 1045
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irradiation with thermal neutrons.8 High-Tc materials con-
taining randomly oriented CD’s exhibit a variety of interes
ing physical phenomena, e.g., a temperature-indepen
quantum tunneling of vortices in Bi-2212 materials.9 In stud-
ies of Hg-cuprates containing one, two, and three adjac
CuO layers, it was shown10 that sufficiently high supercon
ductive anisotropy can lead to a rescaling of the spla
landscape of random CD’s. As a consequence, the pinn
array and the applied field are ‘‘refocused’’ toward the cry
talline c axis, even in polycrystalline materials. Later we u
this feature for interpreting the present studies.

In addition to providing vortex pinning sites, correlate
disorder doubtlessly also affects the equilibrium superc
ducting properties, e.g., the characteristic length scales s
asl andj. What is little known, however, is how this alter
the pinning landscape; for example, an increase inl will
reduce the vortex line energy and hence the pinning fo
will be reduced.

In this work, we examine the equilibrium magnetizatio
Meq in the mixed state of the anisotropic cupra
HgBa2Ca2Cu3Ox , both in its virgin state and when contain
ing randomly splayed columnar defects installed by fissi
For virgin Hg-1223,Meq can be scaled following a recen
formulation.11,12With the addition of splayed CD’s, the mag
nitude of Meq decreases significantly, especially at lo
fields. In addition, the defects generate a pronounced de
tion from the ‘‘standard’’ London field dependence, giving a
anomalous ‘‘S’’ shape to plots ofMeq versus ln(H). By using
the concept that sufficiently large anisotropy rescales the
dom track collection into an equivalent parallel defe
array,10 we apply—in addition to a conventional Londo
description—the vortex-defect interaction model by Wahlet
al.,13 which considers a Poisson distribution of paral
tracks. We show that the S shape ofMeq is accounted for by
the magnetic coupling between defects and vortices.
London penetration depthl significantly and progressively
increases, in accordance with the Wahl-Buzdin descript
©2004 The American Physical Society20-1
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This effect counteracts the nominally positive influence
increasing the defect densityBF and it plays a major role in
determining the level ofBF that maximizes the current den
sity Jc .

II. EXPERIMENTAL ASPECTS

Samples for study were bulk polycrystallin
HgBa2Ca2Cu3Ox materials ~Hg-1223! containing sets of
three adjacent oxygen-copper layers. As described in d
by Paranthaman,14 the starting materials were synthesized
a single step, solid-state reaction using stoichiometric qu
tities of HgO, BaO, CaO, and CuO. The resulting poro
material~with mechanical density;70% of the x-ray den-
sity! was annealed in 1 atm of oxygen at 300 °C, whi
elevated the superconductive transition temperatureTc to
133–134 K. Small pieces, typically 30 mg mass and;1 mm
thickness, were all cut from the same pellet. The samp
were irradiated at room temperature in air with 0.8 G
protons at the Los Alamos National Laboratory. Prot
fluences fp were 0, 1.0, 3.2, 10, 19, and 3531016

protons/cm2, as determined from the activation of Al dosim
etry foils. The resulting density of fission events isN/V
5fps fnHg . Here nHg is the number density of Hg nucle
and s f.80 mb is the cross section for inducing a prom
fission of Hg nuclei. Each fission produces one CD, soN/V
is the volume density of defects, also. One can convert
into an approximate area density of CD’s by multiplying
the track length;8 mm, and the area density can be ree
pressed in units of a matching fieldBF by multiplying by the
flux quantumF0. Resulting values for the defect density a
BF50, 0.1, 0.3, 1.0, 1.9, and 3.4 T, respectively, for t
proton fluences used. The fission process is random in d
tion, giving randomly oriented CD’s. Transmission electr
microscopy studies of both Bi-2212 and Hg cuprates15 have
demonstrated the presence of randomly oriented colum
defects in these high-Tc materials.

The superconductive properties of the virgin and p
cessed samples were investigated magnetically. A super
ducting quantum interference device based magnetom
~model quantum design MPMS-7!, equipped with a high ho-
mogeneity 7 T superconductive magnet, was used for stu
in the temperature range 5–295 K, in applied fields to 6.5
The superconductive transition temperaturesTc were mea-
sured in an applied field of 4 Oe~0.4 mT! in zero-field-
cooling and field-cooling~FC! modes. The resulting value
for the onset temperatureTc are 133, 134, 132.3, 132, 131
and 129.3 K, respectively. Values for the Meissner~FC! frac-
tion 24pM /H lie in the range of 40–50 %, except at th
highest fluence where the fractional flux expulsion was 29

The isothermal magnetizationM was measured as a func
tion of applied magnetic field. BelowTc and below the irre-
versibility line, the magnetization was hysteretic due to
presence of intragrain persistent currents. From the magn
irreversibility DM5@M (H↓)2M (H↑)#, the persistent cur-
rent densityJ was obtained using the Bean critical state
lation J}DM /r , wherer'4 mm is the mean grain radius
Measurements of the background magnetization in the
mal state aboveTc were used to correct the data in the s
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perconducting state; the background signal was larg
(;0.4 G) at the maximum field of 6 T, giving an uncertain
of <0.05–0.1 G in the equilibrium magnetizationMeq .
Above the irreversibility line whereDM50, this process
yieldsMeq directly. Near the irreversibility line whereDM is
small, we obtainMeq from the~background-corrected! aver-
age magnetization@M (H↓)1M (H↑)#/2, as illustrated in the
following section. This averaging procedure, which follow
from the Bean critical state model, is least reliable when
magnetic hysteresisDM is large, i.e., in lower magnetic
fields. For the irradiated Hg-1223 materials, we estimate
associated uncertainty inMeq to be<0.2–0.3 G at the low-
est fields used, 0.15 T, and less in larger fields.

III. EXPERIMENTAL RESULTS

A. Equilibrium Properties of Virgin Hg-1223

We begin by considering the equilibrium magnetization
the mixed state. Figure 1 illustrates the method used to
tain Meq by plotting the background-corrected experimen
magnetization for the virgin material~open squares! versus
applied magnetic fieldm0H on a logarithmic scale. As de
scribed above, the closed symbols show the averageM,
which provides a very good approximation toMeq when the
hysteresis is small. The solid line is a fit to convention
London theory, which provides thatMeq is directly propor-
tional to (1/lab

2 )ln(bBc2 /H), wherelab is the in-plane Lon-
don penetration depth,b'1.4 is a constant16 of order unity,
andBc2 is the upper critical field.17 More explicitly, one has
with Hi c axis of a uniaxial superconductor that

Meq52~F0/32p2lab
2 !ln~bHc2 /H !. ~1!

FIG. 1. ~Color online! The magnetization of virgin Hg-1223 a
80 K vs applied magnetic field~log scale!. Open squares show th
measuredM in increasing and decreasing field history, while clos
squares show the averageM'Meq . The solid line is a fit to the
conventional London ln(H) dependence. Data for Hg-1223 contai
ing randomly oriented columnar defects are included for comp
son.
0-2
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If H is oriented at angleu with respect to thec axis, the
resulting response can be obtained from the anisotr
function18

«~u!5@cos2~u!1~1/g2!sin2~u!#1/2, ~2!

where g5(mc /mab)
1/2 is the mass anisotropy ratio. For

randomly oriented polycrystalline material, the angularly a
eraged equilibrium magnetization is

^Meq&52~F0/32p2lab
2 !@~1/2!ln~bHc2 /H !1~1/4!#

~3!

in the limit thatg is large.
The straight line fit in Fig. 1 shows that the London ln(H)

logarithmic variation describes the field dependence w
Also shown for immediate qualitative comparison are d
for Meq of irradiated samples~at 77 K! with defect densities
BF'1.0 and 3.4 T.

Results forMeq in the virgin Hg-1223 material at othe
temperatures are presented in Fig. 2. One sees from the l
regression lines that the London field dependence is follow
over a wide range of fields and temperatures. Deviati
from linearity occur at low fields whenH approachesHc1
where simple London theory is not valid, and at low te
peratures where the materials are sufficiently hysteretic
the averaging procedure illustrated in Fig. 1 is not va
From Eq.~3! and the slopes of the curves in Fig. 2, we obta
values for the London penetration depthlab(T) in the virgin
material. These results will be compared and contrasted
values deduced for the irradiated Hg-1223. In addition,
intercepts provide a measure of the upper critical fi
e1/2bBc2(T), where e'2.718 . . . is thenatural logarithm
base. We now compare these results with those from a s
ing analysis.

Recently, Landau and Ott11 demonstrated a useful scalin
methodology based on Ginzburg-Landau theory. This
been applied to both single crystal and aligned part
arrays11 and more recently to randomly oriented, polycryst
line superconductors.12 If one assumes that the Ginzbur

FIG. 2. ~Color online! The equilibrium magnetization
Meq(H,T) plotted vs ln(H) for unirradiated Hg-1223 at the tem
peratures shown. Lines are fits to conventional London theory.
10452
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Landau parameterk5l/j is independent of temperature
then Meq(H,T) is a unique function ofH/Hc2(T). Conse-
quently, it follows that the equilibrium magnetizations
field H at temperatureT and~arbitrary! reference temperatur
T0 are related as follows:

M ~H,T0!5M ~hc2H,T!/hc2 , ~4!

wherehc25Hc2(T)/Hc2(T0). To apply this scaling relation-
ship, we choseT0585 K and manually variedhc2 to super-
position the data for each temperature.@While a term of the
form c0(T)H was included in the original analysis11,12 to
account for additional contributions toM, we took a mini-
malist approach of havinghc2 as the sole parameter.# The
results are shown in Fig. 3, which plotsM /hc2 versusH/hc2
for a wide range of temperatures. Given the simplicity of t
approach, the scaling is quite good. The results forhc2(T),
shown in the lower inset, are well behaved. Following La
dau and Ott, we fit the temperature dependence to an exp
sion of the form

hc2~T!5hc2~0!@12~T/Tc!
m# ~5!

for T>90 K. This describes the data well~solid curve in the
lower inset! and yieldsm52.5 andTc5134 K, which is
quite close to the diamagnetic onset of 133 K measured
low field. Unfortunately, the scaling analysis provides on
relative values forHc2. So it is useful to compare thes
results with the corresponding determinations ofbHc2 from
the London analysis. This comparison is shown in the up
inset to Fig. 3. The error bars show one standard devia
and the straight line illustrates a simple direct proportion
ity. While there seems to be a systematic deviation from s
a simple relation, most data lie within two standard dev
tions of a linear dependence.

FIG. 3. ~Color online! Scaling of the magnetization and applie
field by the ~relative! upper critical fieldhc2 for virgin Hg-1223.
Lower inset shows scaling fieldhc2 vs T, fitted to Eq.~5! ~solid
line!. Upper inset compares values forhc2 with results forbHc2

from London analysis in Fig. 2.
0-3
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B. Equilibrium properties of Hg-1223 with randomly oriented
CDs

We now address the question of how the addition of r
domly oriented columnar defects modifies the equilibriu
magnetization in the mixed state. The qualitative effects
the CD’s are illustrated in Fig. 1, which includes data f
Meq at 77 K for irradiated samples with defect densiti
BF'1.0 and 3.4 T. Comparing these data with the virg
curve shows that the CD’s reduce considerably the ma
tude of the equilibrium magnetization, especially at low
fields. In addition, they generate a pronounced devia
from the standard London field dependence, givingMeq an
S-like dependence on field. This ‘‘anomalous’’ behavior h
been observed previously in cuprates containingparallel co-
lumnar defects formed by 5.8 GeV Pb ions, in thallium
based single crystals;13 in Bi-2223 tapes;19 and in Bi-2212
single crystals.20,21

These changes in the equilibrium magnetization h
been attributed to magnetic interactions between the vo
lattice and the columnar defects. By occupying a pinn
site, a vortex gains pinning energy. This reduction in syst
energy must exceed the energy increase arising from d
intervortex repulsion when a vortex is displaced from
natural position in the lattice to a particular columnar defe
For a defect geometry with parallel tracks that have a P
son distribution of separations, Wahlet al.13 obtained an ex-
pression forMeq that describes reasonably well the S-shap
field dependence in Tl-cuprate crystals containing para
CD’s.

In the Hg-cuprates investigated here, one might exp
that the randomly oriented columnar microstructure sho
entangle the vortices. Consequently, it is somewhat cur
that Meq in polycrystalline materials with random CD’s ca
resemble single crystals with parallel defects. The opera
‘‘refocussing’’ process is sketched in Fig. 4.~a! In real space,
the sample consists of grains randomly oriented with resp
to the applied fieldH. ~b! After irradiation, there are CD’s
randomly oriented about thec axis, which makes some ang
uH with respect to an applied magnetic field. Now, for high
anisotropic single crystals, it is long recognized that only
normal component of field is effective.18 More generally, res-
caling gives a field H̃ lying near the c axis; similar
arguments10 lead to a refocussing of the CD’s into a narro
distribution about thec axis. According to the theoretica
development,10 the complexity of randomly oriented colum
nar defects in a polycrystalline material is reduced to a c
siderable degree by a large superconducting anisotropy
storing the simple physics of a crystal with parallel pin
Indeed, studies of polycrystalline Hg-cuprates demonstra
a recovery of vortex variable range hopping~VRH!, very
similar to that observed in YBaCuO single crystals conta
ing parallel CD’s.22 Among the Hg cuprates with one, two
and three adjacent Cu-O layers, the recovery of VRH w
most pronounced in the Hg-1223 material with the larg
mass anisotropy parameterg. We have suggested23 that this
scenario—an anisotropy-induced refocussing of the def
and field toward the crystallinec axis—can account for the
S-like dependence ofMeq on field in highly anisotropic Tl-
10452
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2212 materials, whereg;200. Here we test and confirm th
validity of the rescaling formalism in these Hg-1223 mate
als with significantly lowerg;60. Below we show that vor-
tex pinning by random CD’s provides a reasonable qual
tive explanation for the reduction in equilibrium
magnetization, despite the complexity of the materials in r
space.

Let us now use the vortex-defect interaction theory
Wahl et al.13 to model our experimental data. From th
theory, one has forHi c axis that

Meq52~«0/2F0!ln~bHc2 /B!1
U0

F0
H 12F11

U0BF

«0B G
3expS 2

U0BF

«0B D J , ~6!

where «05@F0/4plab#
2 is the line energy,U0}«0 is the

pinning energy, andB5(H14pM )5H since M is small.
The first term is the conventional London expression. T
second is an added term to account for interactions; it is m
significant in intermediate fields and it vanishes in lar
fieldsB@BF , where vortices greatly outnumber defects. F
H inclined at angleu from thec axis, one can introduce th
angular dependence of the line energy, pinning energy,
Bc2 via the anisotropy function Eq.~2!. An angular average
for a randomly oriented polycrystalline material leads to t
following:

^Meq&52~«0/2F0!@~1/2!ln~bHc2 /B!1~1/4!#

1
U0

2F0
H 12F11

U0BF

«0B GexpS 2
U0BF

«0B D J . ~7!

Here the symbols have the same meaning as above an
assume thatg@1.

FIG. 4. ~Color online! An illustration of the refocussing process
~a! Polycrystalline material with randomly distributedc axes.~b!
One grain with randomly oriented columnar defects, in magne
field with arbitrary orientationuH . ~c! after rescaling, both the ef
fective field and defect array are tilted close to thec axis ~Ref. 10!.
0-4
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In using this expression, Eq.~7!, to model the data a
various temperaturesT ~77, 90, 100, and 110 K!, our objec-
tive was to maintain an internally consistent set of para
eters. The results are shown as solid lines in Fig. 5~a! for the
sample withBF;1 T and in Fig. 5~b! for the sample with a
higher defect density. Given the complexity of the polycry
talline material and of the vortex and defect arrays, the
scription of the experimental data~filled symbols! is rela-
tively good. The values for the pinning energy are
significant fraction of the line energy and are quite reas
able, with U050.8«0 for both materials. To obtain reason
able modeling of the data for the two irradiated materials,
used values of 1.4 and 2.8 T, respectively, for the effec
defect densitiesBF . The differences from the nominal va
ues ~calculated from the proton fluences! may arise from
some overlap of tracks at the highest fluence combined w
uncertainty in calculating the production rate for CD’s.@In
analyzing the more highly anisotropic Tl-2212 materialsg
;200), comparable modeling23 was achieved withBF val-
ues varying by;20% from those calculated from the proto
fluence.# The high density of tracks and their overlap m
account in part for the lower quality modeling in Fig. 5~b!,
where deviations are largest in low fields and where also
averaging procedure described in Sec. II is least valid.

An important feature of any superconducting materia
its London penetration depth. Figure 6 summarizes the
sults for these materials in a plot of 1/lab

2 versus tempera
ture. Values for the virgin sample were obtained from a st
dard London analysis of the data in Fig. 2. An extrapolat
of a Ginzburg-Landau linear dependence nearTc ~dashed
line! to T50 yields a valuelab(T50)5174 nm, but the
impliedTc value is too high. Alternatively, we can invoke th
underlying assumption of the scaling procedure11 that k is
temperature independent, which means that 1/lab

2 should
have the same temperature dependence ashc2. Hence we fit
the present data for the virgin sample (T>90 K) with the
same temperature dependence in Eq.~5! using the same val

FIG. 5. ~Color online! Plots ofMeq(H,T) vs ln(H) for irradiated
Hg-1223 with ~a! BF;1 T and ~b! with BF;3.4 T. Symbols are
experimental results with estimated error bars, while lines sh
modeling of data using Eq.~7! where effects of vortex-defect inter
actions are included.
10452
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ues for Tc and m and varying only the prefactor 1/l2(T
50), obtaininglab(T50)5157 nm, which is comparable
with earlier determinations.24 The resulting fit~solid line in
main figure! is ‘‘natural,’’ as illustrated by the fact that its
extrapolation to lowerT lies very near the lower-temperatur
data.

In Fig. 6, thelab values for the materials with CD’s wer
obtained from the modeling procedure. All of these resu
are reasonably behaved, with 1/lab

2 varying roughly linearly
with T at high temperature, but extrapolating toTc values
that are rather high. Thus we also fit the data for the irra
ated samples with the temperature dependence in Eq.~5!,
again settingm52.5 and fixingTc at the experimental value
measured in low field, so that only the prefactor 1/l2(T
50) was varied. The resulting fits, which are shown as so
lines in the main figure, describe the data quite well.

It is clear that proton irradiation increasedlab signifi-
cantly. This is expected from two theoretical perspectiv
First, conventional GLAG ~Ginzburg-Landau-Abrikosov-
Gorkov! theory25 predicts that the penetration depthl2 in-
creases as (11j0 /l ) when the electronic mean free pathl
is reduced by scattering, as produced by irradiatio
generated defects from neutrons and secondary proton
leased by spallation. Second, the theory of Wahl-Buzdi13

provides that introducing CD’s increases the penetrat
depth as

l22~BF!5l22~BF50!@122pR2BF /F0#, ~8!

whereR is the radius of a columnar track. The combinati
of these two effects leads to the significant, progressive
creases inl observed in Fig. 6. To compare with Eq.~8!, the
inset of Fig. 6 shows 1/lab

2 (T50) @the prefactors from fit-

w

FIG. 6. ~Color online! The temperature dependence of the Lo
don penetration depth 1/lab

2 . Values for the virgin sample come
from a conventional London analysis of the data in Fig. 5; for t
irradiated materials, values come from modeling the equilibri
magnetization shown in Fig. 6. Inset shows values for 1/lab

2 , ex-
trapolated toT50, plotted vs defect density; square symbols d
noteBF values calculated from the proton fluence and circular sy
bols are values used in the modeling.
0-5
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J. R. THOMPSONet al. PHYSICAL REVIEW B 69, 104520 ~2004!
ting Eq. ~5!# plotted versus defect density. These are plot
as a function ofBF values obtained both from the proto
fluence ~squares! and the modeling procedure~circles!, as
discussed above. The straight line in the inset illustrates
theoretical dependence in Eq.~8! and agrees qualitatively
with the data; the resulting valueR'8.7 nm is somewha
smaller than the 11 nm value obtained for Tl-22
materials.23 In each case, it is likely that the CD’s have
large effective radius due to oblique passage of ions thro
CuO planes and an oxygen-depleted region surrounding
amorphous track.26

An interesting consequence of a larger London pene
tion depth is that the vortex line energy«0;1/lab

2 decreases
significantly. As a result, one can expect the vortex pinn
energy of a CD and its pinning force to decrease, reducing
effectiveness. A progressive decrease of«0 can be expected
to counteract the nominally positive influence of increas
the defect densityBF . Consequently it is interesting an
useful to examine how the irreversible properties of the m
terials change with defect density, which we now conside

C. Irreversible properties and persistent current density

As is well recognized, the addition of correlated disord
can increase the pinning of vortices, often quite significan
This is illustrated in Fig. 7, which shows the magnetizati
M (H) at 60 K versus magnetizing fieldH, for various defect
densities. With increasing fluence, the ‘‘hysteresis loops’’
crease in width and become symmetric about theM50 axis.

For the virgin sample, the asymmetry, in combinati
with the fact that the decreasing field branch lies near
M50 axis, suggests that surface barriers27–29 contribute to
the observed hysteresis in this case. It is interesting to n
that a relatively low dosage of CD’s,BF50.1 T, symme-
trizes theM (H) loop significantly; in particular, the magni

FIG. 7. ~Color online! The magnetization of polycrystalline Hg
1223 materials at 60 K vs applied magnetic field. Samples w
irradiated with various fluencesfp of 0.8 GeV protons, as shown
to create randomly oriented columnar defects with approxim
‘‘matching fields’’ BF .
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tude of M in the decreasing field branch is much larg
These features imply that the addition of CD’s suppresses
surface barrier, as recently discussed by Koshelev
Vinokur.30

Using the Bean model, one may obtain the persistent
rent densityJ(H,T). For these porous materials with ran
domly oriented, high-angle grain boundaries that are wea
linked, the magnetization reflects theintragranular current
density. Some results of this analysis are shown in Figs
and 9 as plots ofJ versus temperatureT, in applied fields of
0.1 and 1 T, respectively. The enhancement inJ is modest in
low fields; this can be attributed to the presence in the vir
sample of both naturally occurring defects that provide so
pinning and the likely influence of surface barrier effects,
already noted. In higher fields, the contribution of the ra
dom CD’s is more apparent andJ is enhanced by about a
order of magnitude. For high-Tc materials with these angu
larly dispersed defects, one generally achieves the maxim

re

te

FIG. 8. ~Color online! The intragranular persistent current de
sity J vs temperature for various irradiated materials, measure
applied magnetic field of 0.1 T. The inset shows thatJ at 100 K is
maximized at a defect density of 0.1–0.3 T.

FIG. 9. ~Color online! The intragranular persistent current de
sity J vs temperature for various irradiated materials, measure
applied magnetic field of 1 T. Inset:J at 60 K vs defect densityBF

exhibits a maximum at a defect density of;2 T.
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J at some defect densityBF near 0.2–2 T. This optimization
is shown by the insets in Figs. 8 and 9. For an applied fi
of 0.1 T ~Fig. 8 inset!, J at 100 K is largest forBF

50.1–0.3 T. For the second example with a field of 1
~Fig. 9 inset!, J at 60 K is largest forBF near 2 T. Qualita-
tively, the optimum defect density in each case is compara
with the vortex density, i.e., about 2 times larger.

For higher defect densities, the current densityJ de-
creases. This is due primarily to a suppression of the vo
line energy and pinning energy, as a consequence of
large, experimentally observed increases in the London p
etration depth. Thus we believe thatthe competition betwee
increasing defect density and weakening line energy play
major role in determining the range of BF that maximizes
the current density J, as illustrated in the insets of Figs. 8 an
9. This competition is reminiscent of the formation of poin
like defects in YBa2Cu3O72d , where progressive removal o
oxygen creates defects, but also reduces their effective
through increases in the superconductive length scales.31,32

An additional mechanism for reducingJ at higher defect
densities may be that the presence of additional CD’s h
us to initiate the hopping of vortices to nearby empty pinn
sites. A third potential influence is a suppression ofTc ; how-
ever, the change inTc is small and these measurements
far from Tc , so this contribution is expected to be small.

IV. SUMMARY

We irradiated polycrystalline HgBa2Ca2Cu3Ox materials
with 0.8 GeV protons to produce randomly oriented colu
nar defects via a fission process. Adding random linear
fects significantly reduced the magnitude of the equilibriu
magnetizationMeq and changed its dependence on magn
field from a simple London ln(H) form ~as observed for the
virgin material! to a more complex S-shaped dependen
For the virgin superconductor,Meq(H,T) can be scaled by

*Present address: Department of Physics and Astronomy, Mich
State University, East Lansing, Michigan.

†Present address: Korea Electrotechnology Research Inst
Changwon, Kyung-Nam, 641-120 Korea.

‡Present address: Department of Physics, University of Nebra
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