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The influence of fast neutron irradiation on flux pinning in HgBa&Cu,Og., single crystals T,
=120K) subjected to a fluence o8&10'" cm 2 was studied. Magnetic measurements were performed using
a commercial superconducting quantum interference device magnetometer and a miniaturized torque magne-
tometer. In the unirradiated state, the irreversibility lifle), plotted as Inil;;) vs In(1-T,, /T.), shows two
slopes. At higher temperaturé85-100 K the IL is described by a power-law dependeirtg(T)=H;,(0)
(1—T;, /To)® with a~2.1. At lower temperature®5—60 K), a more rapid change &f;,, with temperature is
observed, with the exponent=4.8. Irradiation shifts the IL to significantly higher magnetic fields/
temperatures, where it is rather well described by a single power-law dependence with the expe@eht
The effective mass anisotropy=(m./m,y)*? as determined from torque measurements, decreases after
neutron irradiation. The shielding current density as a function of temperature up to 60 K is well approximated
by the exponential dependenc€T) =j(0)exp(T/Ty). Irradiation increases the characteristic temperafgre
from about 5.9 K(in the as-prepared crysjalo T,=9.4K, clearly reflecting a slower decay ¢f with
temperature. Neutron-generated defects significantly incijgeas®l suppress the “fishtail effect{an increase
of j with magnetic fieldl, which was present for the unirradiated crystal.

INTRODUCTION orientation, an important issue is strengthening the coupling
between “pancake” vortices located in adjacent sets of
The highest transition temperature among the fliglsu-  CuG, layers (see, e.g., the recent review by Crabtree and
perconductor§HTSC), equal to 135 K under normal pres- Nelson.> Recently, significant improvements have been re-
sure, was achieved for tHeptimally doped mercury-based ported in the flux pinning of mercury-based ceramic samples,
copper-oxide compound HgBag,_;Cu,0,, 2.4 With n by partial replacement of Ba with Sr and of Hg with Re or
=3 (Hg1223.! Unfortunately, the rather high value of its Cr®=8It was argued that at least two features of the chemi-
superconductive mass anisotropy means that the intrinsic paally substituted compounds may enhance flux pinn{iy:
rameters of Hg1223, which control flux pinning, are not asthe substitution of Sr for Ba significantly shortens the block-
good as those in some other HTSC, e.g., YBaO,_,.>™*  ing layer by about 0.8-0.9 ARef. 9 and(2) the chemical
Nonetheless, the high.'s of Hg-based superconductors pro- substitution at the Hg site may make the blocking layer more
vide a strong motivation for trying to improve the flux- metallic!® The possibility that extended defects in a chemi-
pinning properties of these compounds. cally substituted HgS€uO,,, compound could act addi-
To improve the performance of HTSC with the magnetictionally as pinning centers was also explofédtudies of
field H parallel to thec axis, which is the application limiting grain-aligned Hg_, ReBa,CaCu;0g,, sample¥ showed
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that Re substitution enhances bulk pinning at low temperaning vanishes due to thermally activated depinning. Hence,
tures. However, our recent studies on Re-substituted Hg122Be position of the IL may be considered as a measure of the
single crystals have showhthat the flux-pinning enhance- stability of pinning against thermal activation. We studied
ments are not effective at high temperatures, where the the@lso the influence of neutron-generated defects on the anisot-
mal energy is large. ropy, thejs(T,H) dependence, and the time decay of the
One can expect that strong pinning centers introduced binagnetization in the Hg1223 compound.
irradiation may be effective both at high and low tempera-
tures and promotére)poupling of pancake vortices. A vari- g NGLE CRYSTAL PREPARATION AND EXPERIMENTAL
ety of energetic particles may be used to create defects of DETAILS
various morphologies, including MeV prototfshigh-energy
(hundreds of MeV or modeheavy ions such as Sn, Pb, or One of the main difficulties with the synthesis of the
Au,®>16 GeV protons.’ and neutrond® Indeed, successful mercury-based compounds Hgh2(1)n is their low ther-
irradiation experiments were performed on polycrystallinemal stability. The compounds melt peritectically, but at am-
HgBa,CaCuyOg ., , samples using GeV proton3A large up-  bient pressure they decompose before melting and the vola-
ward shift of the irreversibility temperatuteT;,~25K was tile components evaporate. An encapsulation of the sample
maintained in magnetic fields up to 55 kOe. Also neutron-with a high hydrostatic inert gas pressure was used to pre-
irradiation experiments performed on HgBaO,,, ce- vent decompositiof’ All crystal growth experiments have
ramic samples were promising, indicating a possibility ofbeen performed at Ar pressures of 10 kbar. Due to the high
large j s enhancements and an upward shift of thedL. density of Ar gas at this pressufe 1 g/cnt), evaporation of
Irradiation with an appropriate fluence of neutrons leadddg was strongly suppressed. Single crystals were grown
to significant enhancements of the critical current densityfrom a flux or from a stoichiometric melt. As a flux,
(jo) and modifies the IL and the activation energy. At theBaCuQ-CuO was used. The crystallization temperature was
same time it also can affect the critical temperature and basit000<T<1070°C.
superconducting parameters of the material. In the case of The fast neutron irradiation was performed in the central
reactor neutrons, neutron energiesanging from a few meV ~ core position of the 250-kW TRIGA reactor in Vienna. The
to several MeV are available. Many “primary knock-on” flux-density distribution is established accurately for this
atoms have energies abovel0 keV (Ref. 21 that produce reactor?® At full reactor power, the flux density of the fast
defect cascades. Transmission electron microscopy studigutrons amounts to 26102cm™?s™*(E>0.1MeV). The
performed on YBsCu;0;_, (Y123) have shown that these sample was encapsulated in a small quartz tube, filled with
cascades consist of highly disordered or amorphous materifielium. The temperature during irradiation was not mea-
with thermodynamic parameters different from that of thesured, but is estimated to be below 60 °C. The crystal was
rest of a materia® They have an isotropic distribution. subjected to a fluence of610' cm™%(E>0.1 MeV).
These regions can be viewed as a type of forced phase sepa-For the magnetic measurements, two crystals of
ration generating local areas with suppressed order parametdgBaCaCuOg ., « Were selected. Each had a well-resolved
immersed in “good” superconductor. In the case of Y123transition temperatur@. of about 120 K, defined as the on-
superconductor, their diameter varies between 1 and 5 nnset of the diamagnetic signal. The selected crystals had simi-
with a mean diameter of 2.5 nm. The surrounding strain fieldar shapes approximate parallelepipeds with dimensions 0.4
has approximately the same size. Hence, the majority of dex 0.4 mn? in thea-b plane and a thickness of about 2fn
fects extends over a spherical volume of about 5—6 nm iralong thec axis. Magnetization measurements of ti¢H)
diameter. This size is comparable to the coherence length idependence were conducted over a wide temperature range
thea-b plane at 77 K and it is several times larger than theusing a commercial Quantum Design MPMS 5 magnetome-
distance between sets of CuO planes. These collision cater. All measurements were performed in the magnetic field
cades are particularly effective pinning centers at high temgeometry Hilc using the magnetometer's reciprocating
peratures, where they match the diameter of the normal voisample oscillation mode at 1 Hz frequency with a scan
tex core(=~2¢). Lower energy recoiling atoms produce defectlength of 2 cm. The accuracy of the magnetic moment deter-
clusters with smaller sized nm or less These may act as mination was about 510’ emu. Measurements of the ir-
pinning centers in a way similar to that of the cascadesreversible magnetization generally probe the conduction of
Recoils with the lowest energies produce Frenkel pairs, i.egurrent at very low electric field levels, i.e., with very low
pairs of a vacancy and an interstitial atom. dissipation. Unfortunately, due to the small sizes of the crys-
In this paper we present results on the superconductintals we were not able to perform transport measurements,
properties of single crystals of Hg1223 with augmented pinwhich normally probe current conduction at considerably
ning from fast neutron irradiation. Due to the large anisot-higher power dissipation.
ropy of this compound and all HTSC, investigations on The irreversibility fieldH;, was determined as the field of
single crystalgor aligned samplgsare more conclusive than the first resolved difference between lower and upper
in the case of ceramic samples. Our goal was to establish toranches of the hysteresis loop with a criterion of 46mu.
what extent large, artificial pinning centers could alter theFor our samples, this corresponds to a magnetization differ-
vortex pinning properties of this compound. We have per-ence of 0.3 G and to a current density criterion of 200 Ajcm
formed magnetization and torque measurements in a wideith the magnetic field applied along tleeaxis. In all mag-
temperature-magnetic field range. In these studies we paidetization relaxation measurements, the following procedure
special attention to the position of the IL and temperaturavas applied. In order to measure relaxation on the increasing
dependence of the irreversibility field. Above this line pin- branch of the hysteresis loop, the sample was cooled in zero
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field to a given temperature, then the field was increased to )
the required value and the decay of magnetic moment was 3009 1% 03 without
measured for 2.5 h. In order to perform measurements onthe = 5, % 20 Jw
decreasing branch, the sample was cooled to the given tem- BE .
perature in the maximum available field of 55 kOe, then the 8 100+ o000 a0000
field was decreased to the required value and the relaxation § P e TP T .
was measured. § | T e

Torque magnetization measurements have been per- 2 -1007 Hgl223 with fishtail
formed using a miniaturized torque sendbf> The magnetic 2 0] [ o Hgl223 irradiated
torque 7 acting on a sample withnisotropicmagnetic mo- %@ T=25K Hi/e
mentm in an applied homogeneous field is given by 7 -300+ , , , : :
=mxH. In an angular dependent measuremenis re- 0 10000 20000 30000 40000 50000
corded as a function of the anglebetweenH and the sam- Magnetic Field (Oersted)

ple’'s a-b plane. From the signals recorded in clockwise

[7.(0)] and counterclockwisgr_(6)] direction of a rota- FIG. 1. Comparison of theM(H) loops at 25 K for

. . . HgB&CaCuwOg.  Single crystals before and after fast neutron ir-
tion, one can obtain the reversible torquee/?) radiation. Inset: the difference between the decreasing branches of

=147, (6)+7(0)] and the irr_eversible t(,)rqueirrev( 0 the hysteresis loop for unirradiated single crystals, with and without
=1/ 7,(0)—7_(6)]. The reversible torque is a measure of 4 fishtail.

the equilibrium intrinsic properties of the sample, whereas
the irreversible torque is due to the pinning of vortices andier effects on flux pinning was observétf’
thus is related to the Sample microstructure. For HTSC de- One Of the as_grown Crysta|s Studied here exhibits a fish_
magnetization effects due to the reversible moment can bgj| effect, a second maximum in the width of hysteresis
neglected in fields much larger than the lower critical field;|oop. This feature is clearly visible in the temperature range
then the only physical quantity responsible for the angulaps_50 K, see Fig. 1. It is much less pronounced in the higher
dependence of the reversible torque is the intrinsic anisotfemperature range 50-80 K, and not observed above 80 K.
ropy 7=(mc/maq)1/2- Therefore, magnetic torque measure-The second peak begins to develop in relatively low fields of
ments are a particular convenient way to determinBue to  apout 2 kOe and its position is rather temperature indepen-
the large anisotropy, the screening currents flow mainly ingent. The second crystal has no fishtail, sohgH) curves
the a-b plane andm is directed along the axis for almost  clearly differ in low magnetic fields. However, in higher
all field orientations¢. Therefore, the magnetic torque con- fieds close to the irreversibility field the magnetic responses
tinuously increases when the field is rotated away fromcthe for the two crystals are quite similar, as seen in the inset in
axis. Only wherH gets very close to tha-b planem starts  Fig, 1. After precharacterization, the first crystaith a fish-
to flip and the torque decreases. The anglewhere the tajl) was neutron irradiated. Its critical temperature and the
torque reaches its maximum is a measure of the anisotyopy width of the superconducting transition were changed insig-
If one is not too close td@ ., the angular-dependent torque is nificantly by the irradiation, less then 0.5 K.
well described by a three-dimensior{@8D) anisotropic Lon- Irradiation-induced defects strongly impacted on the flux
don modef?® A fit to the angular-dependent reversible datapinning. For the applied fluence, the density of cascades is of
using this model directly yields the effective mass anisotropythe order of 18m~3,%* hence, the mean separation of the
V- cascades is about 50 nm. Due to their relatively high density
and “suitable” sizes they are mainly responsible for ob-
served changes in flux-pinning properties. At all tempera-
tures, the width of the hysteresis loops increased signifi-
We focus on the impact of neutron-generated microstruceantly. A comparison of tht1 (H) loops atT=25K before
tures on superconducting properties of Hg1223 single crysand after the irradiation is shown in Fig. 1. Note, too, that the
tals. Thus we compare and contrast their vortex state fedishtail disappeared. The pinning mechanism responsible for
tures, both irreversible and irreversible. We consider first thehis effect is suppressed or masked by the strong pinning of
material at lower temperatures and magnetic fields, wheréhe irradiation-induced defects. The addition of strong
macroscopic circulating currents cause the magnetic revortex-pinning sites is particularly notable at intermediate
sponse to be irreversible. For both as-prepared crystals, thend high temperatures. Figure 2 shows that the relative width
hysteresis loopM (H) are symmetric with respect to the of the hysteresis loops, i.e., the increase of the shielding cur-
reversible magnetization at all investigated temperatures. Agent density, is more pronounced at higher temperatures. For
is evident in Fig. 1, the lower and upper branches of the loogxample, at 40 K in a field of 10 kOe, the enhancement
are strongly field dependent over the entire temperaturéactor AM ¢/ AM ,niraqiS @bout 20. At higher temperatures,
range. In particular, there is no flat part in thig,-H depen- e.g.,T=60K, the falloff of the current density with increas-
dence (specifically with M;,~0 for the decreasing field ing magnetic field is significantly slower after neutron irra-
branch; this means that surface barrier effects are not im-diation (see the inset in Fig.)2Hence, the neutron-induced
portant here. The circulating currents are distributed throughdefects, due to their relatively large sizes, are quite effective
out the volume of the sample, rather than just on its surfacepinning centers at temperatures close to 77 K.
Hence, the width of the hysteresis loop is determined by bulk Figure 3 presents the shielding current dengitydeter-
pinning. We mention this, since in the case of magneticallymined from the widthAM of the hysteresis loops in a mag-
aligned Hg1223 materials, a strong influence of surface bametic field of 6 kOe. For this, the critical state model was

RESULTS AND DISCUSSION
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FIG. 2. The increase of the width of the hysteresis loops, i.e., the FIG- 4. TheM(H) loop at 25 K for a HgBSCa,CusOq.x Single
increase of the shielding current density, as a result of neutrof"yStal- The relaxation of the magnetization during the time interval
irradiation A M g/ AM yniraq @t temperature of 30, 40, and 60 K for pf 10%s is |nd|cat_ed. In the inset the relaxation as a_functlon of In
a HgBaCa,Cu0g. . Single crystal. In the inset field dependence of IS shown in the field of 3.2 kOe fo_r the de_creasmg field bre_mch _and
the width of M(H) loop at temperature of 60 K, for unirradiated " the field of 30 kOe fpr both increasing and decreasing field
(open trianglesand for irradiatedclosed trianglesis shown. branches of the hysteresis loop.

used, which provides thag=15AM/r, where 2 is the edge ~ /SCUSSed latter. The softer vortex system is pinned with a
higher efficiency, which leads to an increase of the irrevers-

length of the square crystal. This relation assumes that mag- . 2 .
netic flux penetrates to the center of the crystal, which is thgbIe signal. This picture is supported by the fact that the

clearly the case for the data presented. For both mateyials, zﬁgoirt]g pgglt(ioae?s:n;ttr?e??\érerloFe)r:tuﬁrzlczﬁ doef t:r? dggc':ekl\llgtjtron
falls off quasiexponentially with temperature over the range di _POs duced def P he | P f X lati
5-60 K, as is evident in the figure. The approximate tem—'r:ra |at|on-|rfw_ ;]Jce_l . escts paevi[nt t ed_os_s N corrzaﬂon
perature dependence arises from thermally activated depin—ence’ no fishtail is observed after irradiation. In order to

ning of vortice&® that reduces the gradient of the flux den- establish the influence of the relaxation on the anomalous

sity. The parametef, which characterizes the decreasg of shape of theM(H) loop, we performed measurements in

with temperature, increases from about 5.9 K before irradia[nagnetlc fields slightly below, at, and slightly above the sec-

tion to about 9.4 K after irradiation. This demonstrates thaﬁgﬁjsma?):?%m'z Eogrt\rc]ie3lgV\II(%rebrr;aar;g:a’cttir\]/iI;/all\xs:safretrzisn?s

neutr_on-generat_ed defects significantly improve the curren in a field of 30 kOe were also performed. The relaxation of
carrying properties of Hg1223. h S . d. Aftef $0th
To gain insight into the pinning and dynamics of vorticest e_ma_gnetlzanon Is quite pronounced. Aftef" $0the mag- .
netization decreased by about 21%, 27%, 32%, and 42% in

in the Hg1223, we have studied the relaxation of magnetizaﬂeld of 1.5, 2.5, 3.5. and 30 kOe, respectively. For the upper

tion at temperature of 25 K. As shown in Fig. 4, the unirra- . . .
) S ) . : branch we obtained very similar decreases. Hence, relaxation
diated crystal has a clearly visible fishtail at this temperature. . o . g
. . : increases systematically with increasing magnetic field. The
We speculate that this feature arises from a softening of the

i . i spme tendency is observed for the normalized creep rate de-
vortex system, when pancake vortices in adjacent layers Stafrined asR=d(In jJ/d(Int), where . denotes the shieldin
to lose their correlation. This occurs in fields larger than the J ' Is 9

: o . . . current density. The corresponding values are 0.022,
crossover fieldH ., which is particularly evident in the IL, as 0.025, 0.028, and 0.056, respectively. As seen in Fig. 4, the

fishtail effect is smeared out with time; after an interval of

—~ 1084 10* s the second peak vanishes or is shifted to considerably
g 10 Hgl223 H_, =6kOe ) . 2 ; .

5 ext lower fields. This change of behavior is associated with
< 107 lower levels of current densities, which reduces the Lorentz
g’ 10 force on the vortex system. As one can see in the inset of
g 1054 Fig. 4, the decay of the magnetization is well described by a
e logarithmic time dependence.

& 10ﬁ Following the irradiation, the relaxation of the magnetiza-
S 10°1 o tion, which is still logarithmic in time(see Fig. 5, is even

2 102 " imadiated more pronounced. After & the magnetization in field of

= Lol ® unirradiated 2.5, 3.5, and 30 kOe decreased by about 31%, 34%, and
7 ; e " p 53%, respectively, corresponding to logarithmic rates

=0.028, 0.030, and 0.049. Hence, we can conclude that
neutron-induced defects that increase the current depsgity
FIG. 3. The shielding current density for a HgB@Cu;0g. x (and significantly elevate the position of the IL, see bglow
single crystal before and after neutron irradiation determined in £0 not significantly reduce the fractional flux creep rate at
magnetic field of 6 kOe. The temperature dependendg isfwell  low temperatures. However, one must bear in mind that the
described by the equatiojy(T)=j(0)exp(T/Ty), for the crystals ~ absolute level of current densities is far higher in the pres-
before and after neutron irradiation. ence of the artificially created pinning centers. At the same

Temperature (K)
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FIG. 5. TheM(H) loop at 25 K for a HgBgC&CusOg,  Single 100

crystal after irradiation. The relaxation of the magnetization during
the time interval of 10s is indicated. In the inset the relaxation as
a function of Int is shown in the field of 3.2 kOe for the decreasing 104

field branch and in the field of 30 kOe for both increasing and
decreasing field branches of the hysteresis loop.

current densities as those realized in the unirradiated crystal, .
v Hgl223 irrad.

Irreversibility Field (kOe)

the decay rate would be vanishingly snfall. 0.14 B2
With increasing temperature and magnetic field, the abil- . Laol4
ity of superconductor to conduct macroscopic current dete-
: X . " 0.014 o Y123
riorates and becomes immeasurably small at the irreversibil- : —_—
ity line. Figure &a) shows the temperature dependence of the 0.01 0.1 1
irreversibility field for Hg1223 with the magnetic field ap- 1-T/T,
plied along thec axis. Included are results for both of the
unirradiated crystaléwith and without the fishtail effegtand FIG. 6. (8 Comparison of the irreversibility line for a

for the irradiated crystal. As one can see, the presence ¢19B&CaCuOg. single crystal before and after neutron irradia-
absence of the fishtail effect has practically no influence ofion presented on a logarithmic scale of{T/Tc). In the inset the
the position of the irreversibility line. In this standard plot of IL'S are presented for the real temperature sodleComparison of
In(H,,) vs In(1-T,,/T,), the data for the unirradiated crys- the irreversibility line for YBaCu;Or_x, L8y g6S10.140U0;,
tals form two linear segments with different slopes. At Bi,Sr,CaCuyOg. 4 S|.ngle crystals and for a neutron-irradiated
higher temperature¢85—100 K and in lower magnetic =~ 982C&CUsOs.« single crystal.
fields, the IL shows a power-law dependenek,(T)  observed at higher temperatures before irradiation. Follow-
=H;(0)(1-T/T.)* with an exponentr~2.1. This is very ing the interpretation of the crossover given above, this
close to the valuer=2 predicted for the conventional melt- would imply a more three-dimensional character of the flux
ing of the three-dimensional vortex lattice. At lower tem- line lattice (FLL) in the whole observed temperature range.
peratures(25—-60 K and in higher fields, a more rapid This may arise from a forced alignment of the pancakes due
change ofH;, with temperature is observed. The IL can to the large pinning centers. As the defect cascades extend
again be approximated by a power-law dependence, but witbver three or four sets of CyQayers, the pancakes in their
a much larger exponent~4.8. This increase of the expo- vicinity are aligned over that distance, which will cause an
nenta for higher fields may be interpreted as an indication ofextended alignment by the stronger in-plane interaction of
increasing two-dimensionality of the system at lower tem-the pancakes. If the density of large defects is large enough,
peratures. The crossover in the slopes takes place at a field gliasi three-dimensional behavior of the FLL can be enforced
H.~3 kOe, atT,~66 K. In the fields lower thai,, pan-  for basically two-dimensional superconductivity.
cakes couple into vortices and form a three-dimensional sys- Figure @b) presents a comparison of the irreversibility
tem. According to Blatteet al.?® a vortex system with weak lines for YBaCu0O,_,,%° La; S 1LU0, (La214,%
pinning crosses over from 2D to 3D behavior at a fieldBi,Sr,CaCyOg, , (Ref. 32 single crystals and for the irra-
uH~=®y/(s*y?), whered, is the flux quantum anglis the  diated HgBaCaCuyOg.  single crystal. The IL of the irra-
spacing between the sets of CuO sheets. This expressiatiated Hg1223 crystal is located at significantly higher mag-
with H,,=3 kOe provides the preliminary estimate thpt netic fields and at higher temperatures than that of
~50 for the underdoped Hg1223 crystal studied here. A8r,Sr,CaCyOg,,—a compound with much higher anisot-
discussed below, refined determinationsydfiave been ob- ropy. Comparing the IL’s for irradiated Hg1223 crystal and
tained from torque magnetometry studies. La214 crystal(anisotropyy~20) shows that their positions
The addition of neutron-generated defects changes thare very similar forT/T,<0.7. On the other hand, the IL of
character of the IL. The IL not only shifts to higher values, Y123 (y=~6) is clearly the highest of these materials; at 77
but the two-segment boundary, with exponemts4.8 below K, the irreversibility field for irradiated Hg1223 i#l,,
To, anda=2.1 aboveT, are replaced by a single boundary ~ 10 kOe(H;,~2 kOe before irradiation whereas Y123 has
with slopea~2.3. This exponent is nearly the same as thatH;,~50kOe.
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FIG. 7. Reversible angular-dependent torque signal for a fast FIG. 8. The irreversible torque signal for fast neutron-irradiated
neutron-irradiated HgB&a,Cu;0g,  Single crystal at a tempera- HgBaCaCusOg. , at a temperature of 88.1 K measured in a mag-
ture of 110.7 K determined in a magnetic field of 10 kOe. The anglenetic field of 10 kOe. A pronounced irreversibility is observed for
of 0° corresponds to the in-plane magnetic field, while the angle ofields applied almost parallel to tleeb plane. The inset shows the
90° corresponds to the magnetic field applied along:thgis of the  field dependence of the magnetization at the same temperature. The
crystal. The datgfull circles) are described well within a three- magnetization is determined from a field-dependent torque mea-
dimensional anisotropic London model. A least-squarécintinu-  surements at a fixed angle of 45° out of @ plane.
ous ling yields an effective mass anisotropy=41+ 1. For clarity
not all measured data points are shown. ancy can be understood by recalling that the theoretical ex-

pression deals with weak pinning, whereas the irradiated

With these changes in the irreversible properties of therystal contains large defects. It appears that these defects
material, it is clearly important to establish what changes, ifhelp to maintain a more 3D-like vortex structure, a phenom-
any, occur in its equilibrium properties. One of the mostenon somewhat similar to the observed effects of columnar
important controlling parameters is the mass anisotrgpy defects in BjSi,CaCuyOg,  single crystals® The Josephson
which was measured by torque magnetometry. For this, tw@lasma resonance study showed that the apparent interlayer
small pieces(0.15x0.15mnf in the a-b plane, one taken coupling was increased and both trapped and untrapped vor-
from the irradiated crystal and one from the unirradiatedtices were aligned by the columns via vortex-vortex interac-
crystal without fishtail, were studied using a miniaturizedtions. The authors of Ref. 33 concluded that even a small
piezoresistive torque sensdrFor the unirradiated crystal, number of columnar defects plays an important role in the
we found y~60. There were no torque measurements pereontrolling the properties of the vortex system. One can
formed on the crystal with a fishtail before the neutron irra-speculate from the present work that neutron-generated ex-
diation. However, prior to irradiation the sample with a fish-tended defects significantly affect the nature of the vortex
tail (1) had the samd and exhibited the same reversible system in this Hg-cuprate superconductor.
behavior as the sample without a fishtail d@ilit had a very A reduced anisotropy in irreversible properties has been
similar IL, including similar slopes and the same crossover observed in neutron-irradiated YB2u;0,_, single
field He, [cf Fig. 6(@]. This allows the conclusion that the crystals®*® In these papers, changes in the shielding cur-
sample with fishtail also had an anisotropy: 60 before the rents and in the position of the IL after sequential irradiation
irradiation. If one takes into account that the studied crystalsvere studied, for both thélllc and Hllab orientations. A
are underdoped, this value is “reasonable” when comparedjualitative model based on the layered structure of the sys-
with the anisotropy valug~44 that was determinétiforan  tem and the nature of the defects introduced by neutron irra-
optimally doped Hg1223 crystal. diation was developet?. It was pointed out that at low den-

Figure 7 shows the angular dependence of the torque faities of large defecté&cascades the reversible properties of
the irradiated crystal in an applied field=10kOe atT  the superconductor are determined by the density of small
=110.7 K. From the measurements, the anisotropy is foundefects, which influence the properties of the material by
to bey=41(1). This value is clearly smaller than the anisot- isotropic scattering of the electrons. This leads to a smearing
ropy y~ 60 deduced from torque measurements on the uniref the layered structure of the superconducting properties
radiated sampléwithout fishtai). Hence, we can conclude and hence to reduction of the anisotropy. At higher fluences
the neutron irradiation causes a remarkable decrease in tlieomparable with the fluence used in this experiméntk
anisotropy. This is consistent with the observed more 3DOdisorder increases, thereby reducing the anisotropy of the
character of the IL. The anisotropy of the underdoped crystatrystal properties.

(T.=120K) after irradiation is even slightly smaller then the  Figure 8 shows the torque vs angle for the irradiated crys-
anisotropy of an optimally doped Hg1223 crystal. Qualita-tal at T=88.1K, in an applied fieldd=10kOe. A pro-
tively, the observed reduction in the anisotropy should in-nounced irreversibility is found for angles close @e=0°
crease the 2D-3D crossover fidit}, and elevate the IL. For (field orientation near tha-b plane. The appearance of the
the irradiated crystal with lower, the expressionuH. irreversibility in the angular dependence of the torque is re-
~®y/(s?y?) predicts thatH.~7 kOe; examination of the lated to the appearance of the irreversibility in the field de-
IL data in Fig. &a) implies, however, that the crossoudrit pendence of magnetization. Upon turning the applied field
existy must lie at much higher fields. This apparent discreptowards thea-b plane of the sample, thecomponent of the
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field, Hilc, is reduced. Since the value of the irreversibleHgBa,Ca,Cu,0g. , Single crystals. The irradiation not only
signal in highly anisotropic cuprates is mainly determined byenhances the flux pinning, as expected, but it also significant
this component, turning the field towards theb plane ina  decreases the effective mass anisotrepifforque measure-
torque measurement has the same effect as a lowering thgents, which provide an unambiguous and direct way to
applied field in a measurement wittic, leading to an in- measure the anisotropy, show thaidecreased from= 60
crease of the irreversible signilThe observed behavior is prior to irradiation, toy~41 after irradiation. This value is
expected for isotropic pinning. For anisotropic pinning, as insmaller than that of optimally doped Hg1223. Neutron-
the presence of columnar defects, the irreversibility shouldjenerated defects increased the shielding current density and
be especially evident for the field orientations where the pinreduced its falloff with temperature. The fishtail feature dis-
ning is most effective, e.g., parallel to the colunihsthe  appeared with irradiation, as did the crossover in the irrevers-
inset in Fig. 8 shows the magnetization as a function of theility line, with its two linear segments. This indicates that
field, derived from a field-dependent torque measurement afefect cascades are able to correlate several pancake vortices
a fixed angle of 45° from tha-b plane. Since the time and “force” them to behave rather in a 3D than in a 2D way.
constant in torque measurements is much shorter than ttRurthermore, the IL of the irradiated crystal has an exponent
time scale of superconducting quantum interference device near 2, which is indicative of linelike vortices. The influ-
(SQUID) magnetization measurements, the irreversibility isence of neutron irradiation-induced defects is particularly
more pronounced than that in the quasi-static SQUID meapronounced at elevated temperatures near 77 K, which is
surements, where the system has more time to relax. Thienportant from the viewpoint of applications.

small bump observed #-~ —2° in ther,(6) branch and at
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