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The irreversible magnetic properties of a magnetically aligned HgBa,Ca,Cu;04,5 superconductor
have been investigated as a function of temperature and magnetic field, for both Hj|c axis and H|ab
plane. Experimental results for the magnetic hysteresis AM, the field of first flux penetration H,, and the
irreversibility line with H||c are well described by recent theory [L. Burlachkov et al., Phys. Rev. B 50,
16 770 (1994)] for thermally activated penetration of a surface barrier by pancake vortices. Near 85 K,
the system crosses over from two-dimensional to three-dimensional line vortices, from which we extract

estimates for the mass anisotropy parameter €.

INTRODUCTION

Putilin et al.! first discovered superconductivity with a
transition temperature 7, of 94 K in HgBa,CuO,,;, a
Hg-based cupric oxide containing just one Cu-O layer per
unit cell. Subsequently, Schilling et al.? discovered cor-
responding materials with more Cu-O layers per cell that
became superconductive at 7,=133 K; the authors
correctly interpreted that the mixed-phase material con-
tained HgBa,Ca,Cu;04, 5, with three adjacent Cu-O lay-
ers in the unit cell. The relatively simple tetragonal
structure and high transition temperatures of these new
compounds generated much interest and possible alterna-
tives to other high-T, superconductors for technological
usage. For many applications, however, the materials
must be able to conduct large electric currents in the
presence of high magnetic fields. In this work, we use
magnetic studies to establish the limits of supercurrent
conduction and interpret the results in terms of recent
theory® for tunneling of “pancake” vortices* through a
surface barrier. The experimental studies were per-
formed on aligned grains of the three layer material,
HgBa,Ca,Cu;03. 5. This enables us to obtain informa-
tion on isolated grains of the superconductor, particular-
ly with the field applied perpendicular to the Cu-O
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planes. The procedure eliminates both intergranular
current conduction and the complexity of angular
averaging over grain orientations in random polycrystals.

To obtain further insight into the types of vortices
present and their motion, we have studied the irreversi-
bility line for both field orientations, H||c and H|jab. Ob-
viously, a high irreversibility field H, (T) is a necessary
(but not sufficient) condition for conducting large current
densities in high magnetic fields. If coarsely character-
ized by a power law, the temperature dependence of
H; (T)~(1—T/T,)" varies from one high-T, family to
another, with the exponent n lying between 1.5 and 5.5:
for YBa,Cu;0,° n=1.5; for HgBa,CaCu,Oq.,,°
n=2.5; and for  TL,Ba,Ca,Cu;0,0,5  and
Bi,Sr,CaCu,04,% n =5.5. From such studies, Xu and
Suenaga,® concluded that H, (T) is a depinning line rath-
er than a lattice melting or glass-to-liquid phase-
transition field, for example.

In the present work, study of the irreversibility line
H,;(T) with the applied field H||c axes gives substantial
evidence for a mechanism based on creep of two-
dimensional (2D) vortices through a surface barrier.
Analyses of the width of the magnetic hysteresis loops
and the temperature dependence of the field of first
penetration corroborate this interpretation. Previously,
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we observed significant surface barrier effects at low tem-
peratures for a wide range of magnetic fields in random
polycrystals of the HgBa,CuO, 5 (Hg-1201) compound’
and in polycrystals of Hg-1212 and Hg-1223 as well.!°
We associated these effects with the surfaces of individual
grains and this conclusion is substantiated by the pres-
ence of similar surface-related features in the current
work on aligned powders. To date, few studies have been
reported on aligned HgBa,Ca,Cu;04 5 materials, which
allows one to isolate the case in which the field is applied
perpendicular to the Cu-O planes. Also, one can com-
pare and contrast the properties with H|lc and with
Hljab. Consequently, we examine the magnetization M,
the magnetic hysteresis AM, and H; (T) for these two
field orientations.

EXPERIMENTAL ASPECTS

Bulk samples of HgBa,Ca,Cu;0;., 5 were prepared by a
solid-state reaction of stoichiometric mixtures of
99.998% HgO, 99.997% BaO, 99.97% CaO, and
99.999% CuO, as described previously.!! The relatively
high phase purity of the HgBa,Ca,Cu;0;, 5 end product
(>90% phase purity, as determined from x-ray
diffractometry), makes it possible to obtain reliable infor-
mation on this material.

Powder particles for the composite samples were made
by hand grinding with a mortar and pestle inside a glove
box. After passing through a 45 um sieve, the powder
was examined by scanning electron microscopy and its
size distribution was measured using instrumentation
based on light attenuation-precipitation rate methods.!?
To a good approximation, the size distribution followed
the commonly observed log-normal form, i.e., a Gaussian
with the logarithm of particle size as its argument. The
mean particle diameter was {d ) =8 um and the standard
deviation in In(d) was 0.5.

Powders of HgBa,Ca,Cu;04, 5 were dispersed in liquid
epoxy and aligned in an applied magnetic field of 5 T at
room temperature, using a procedure similar to that re-
ported by Farrell et al.'®* After solidification of the
epoxy, the composite material was removed from its
teflon mold and checked for alignment. As is evident in
Fig. 1, x-ray diffraction confirmed a uniaxial alignment
with the crystalline ¢ axis parallel to the applied field,
since only (00!) reflections of Hg-1223 were observed for
the scattering vector parallel to this direction. There are,
however, two unidentified reflections near 26
=35°-40°, but the d spacings do not correspond to
HgBa,Ca,Cu;05  5; thus they represent some unidentified
impurity rather than misaligned superconductor. The
full width at half maximum of the rocking curve for the
(006) reflection was 2.6° (see inset to Fig. 1).

Measurements of the isothermal magnetization M (H)
were made for a set of temperatures T between 5 and 120
K, with field orientations H||c and H||ab, using a Quan-
tum Design model MPMS-7 superconducting quantum
interference device-based magnetometer. Applied mag-
netic fields up to 6.5 T were used. Scan lengths of 3 cm,
providing a field uniformity of <0.005% during mea-
surement, were used, and temperature was stabilized to
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FIG. 1. The Cu K, x-ray diffractogram for grain-aligned
HgBa,Ca,Cu;04 5, obtained with the scattering vector parallel
to the alignment direction. The regularly spaced (00/)
reflections indicate c-axis alignment. Inset: the rocking curve
for the (006) reflection.

within +0.05 K of the target temperature before applica-
tion of the magnetic field. After each field increment, the
system paused for 10 sec to allow fast instrumental tran-
sients to decay before measuring the magnetic moment.
The magnetization M =m /V is defined as the measured
magnetic moment m per unit volume ¥V of superconduc-
tor, as calculated from the mass and the theoretical densi-
ty of the superconductor, p, ,,=6.28 g/ cm?.

For studies of the superconductive transition in low
magnetic fields, the 7 T superconducting magnet in the
magnetometer was ‘‘reset” by heating it above its transi-
tion temperature. This procedure released the trapped
magnetic flux in the magnet, so that small fields could be
applied accurately.

THEORETICAL OVERVIEW

Recently, Burlachkov et al.? treated the theoretical
problem of giant flux creep through surface barriers in
high-temperature superconductors. While traditional
theory'* considered the transmission of a vortex line
through a surface, the recent work particularly focuses
on the 2D case of “pancake” vortices, as is appropriate
when the interlayer coupling is small compared with oth-
er energies in the system. For the situation in which the
magnetic field H is increased from zero, the pancakes
cannot penetrate into the superconductor until the field
reaches the penetration field, given by

H,=H_.exp|—T/T,], (1)

where H, is the thermodynamic critical field and T is the
temperature. Here the characteristic temperature is
To=¢€,d /In(t /ty) where “d”~1.6 nm is the spacing be-
tween sets of Cu-O planes, €,=(¢,/4mA)? is the vortex
line energy, ¢, is the flux quantum, and ¢ /¢, is the ratio
of the experimental time (since application of the field) to
the fundamental time scale ¢, for vortex oscillations. At
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T =0, the expression in Eq. (1) matches the traditional
result that H,~H,_; the exponential factor in Eq. (1) is a
consequence of thermally activated creep of pancakes
into the superconductor, which causes H, to fall off
much more rapidly with temperature than expected clas-
sically from H_.(T). In practice, surface imperfections
often reduce the magnitude of the prefactor in Eq. (1),
but do not change the value of T,.

When one continues to increase the field beyond H,,,
the magnetization M decreases. Furthermore, when the
field is subsequently reduced, the magnetization is nomi-
nally field independent with M =~0. Consequently, the
width of the magnetization loop for H >>H), is

A(4rM)=~H}/H <exp(—2T/T,) , (2)

which is a temperature dependence that can be tested
readily. At sufficiently extreme field-temperature condi-
tions, the pancake hopping distance becomes comparable
with the thickness of the vortex-free surface layer.!*
Then the penetration by pancakes becomes reversible and
AM collapses to some resolution-limited level AM.,,.
This serves to define the irreversibility line, which in the
2D case is given by

H, ~H,X(Ty/2T)exp(—2T /T,) . (3)

At high temperatures where the operative range of
magnetic field is small, it is also possible that the coupling
between pancake vortices successfully competes with oth-
er energies in the system, so that 3D line vortices form in
the anisotropic superconductor. Then the theory pre-
dicts that the penetration field H), is given

H,~H, meegIin*(H, /H,)/[2**T In(t /ty)] < (1—1)3/%,
@)

where €=(m /M)!/? <1 is the mass anisotropy ratio and
t=T/T, is the reduced temperature. Here and below,
the last factor shows the dominant temperature depen-
dence near T,. With 3D line vortices, several different
mechanisms may serve to define the irreversibility line. If
single vortex hopping over a surface barrier dominates,
then one has

Hj, ~meelpon®(H, ,/H5. ) /[256TIn*(t /t,)]

«<(1—1)?. (5)

Burlachkov et al.® argue, however, this process is not
possible very close to equilibrium, since it requires infinite
energy. An alternative process near (but not foo near)
equilibrium is collective creep of a bundle of vortices into
the system. Then one has

H =H}, X [¢o/(4TA) P /[AM P (1—=0)* . (6)

Competing with these is conventional melting of the 3D
vortex system, as given by the expression
B,, ~8€%*c} do/T? = (1—1)*, o

where ¢; =0.2 is the Lindemann melting factor. The
field at which the vortex system crosses over from 2D to
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3D behavior is given by the expression'®

B =[¢o€*/md*In{(d /€E,,) /4[In(d /€€ )]} . (8)

After presenting some more general results, we will use
these various temperature dependencies to distinguish
among the different processes. Most importantly, the
comparisons will (1) demonstrate that surface barrier
effects dominate the magnetic response of these aligned
HgBa,Ca,Cu;04, 5 materials and (2) provide substantial
support for the validity of the theory just outlined.

RESULTS AND DISCUSSION

Characterization of the superconductive materials be-
gins with its low-field magnetic response. Figure 2 shows
the temperature dependence of the dc susceptibility 4y,
measured in a static applied field H,,,=4.0 Oe. Here we
define the dc susceptibility as y=M/H ., where
H 4=(H,,,—4mDM) is the effective field that includes
demagnetizing effects; for the approximately equiaxed
particles of superconductor, the effective demagnetizing
factor is D =1/3. Zero-field-cooling (zfc) measurements
consisted of cooling to 5 K in zero field, applying a 4 Oe
measuring field, then warming to observe the resulting
shielding signal as a function of temperature. After
warming the sample above T, it was field cooled (fc) in
the same 4 Oe to observe the Meissner signal (not shown).

The narrow transition shown in Fig. 2 illustrates the
homogeneity of the sample. No significant structure,
such as additional signals near 95 K due to a minority
phase content of Hg-1201, is observed in the data. The
conventional superconductive transition temperature 7,
defined by the low-field onset of diamagnetism, is 133.5
K. At low temperature, the zfc susceptibility for Hj|c is
4y = —0.94, corresponding to nearly complete screen-
ing of the grains’ interior; for H||ab, the corresponding
zfc value is —0.26. The Meissner signal due to ab-plane
supercurrents was large, with a fc susceptibility
4mx=—0.76 for Hllc. At 5 K, the corresponding fc
value with H|lab was —0.17.

The isothermal magnetic response (hysteresis loops) of
the Hg-1223 material was studied in applied fields up to
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FIG. 2. The susceptibility 47y versus temperature for
aligned HgBa,Ca,Cu;053. 5, for H||c and H]|ab, after cooling in
zero field. The data are corrected for demagnetizing effects.
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6.5 T. An example is shown in Fig. 3, a plot of magneti-
zation M versus H at T =15 K for increasing and then
decreasing field history. Results are shown for both field
orientations. As we demonstrated earlier for randomly
oriented polycrystals,”!° the loops are quite asymmetric;
the magnetic moment in the decreasing field branch
branch is almost field independent with nearly zero mag-
nitude. These features and others, such as the ac field
dependence of the real and imaginary responses in audio
frequency studies,’ give strong evidence for pronounced
surface barrier effects in Hg-based cuprate superconduc-
tors in their as-formed condition.

One prominent feature of the ascending field branching
in Fig. 3 is the distinct peak in M. We use this peak to
locate the penetration field H,: theoretically, penetration
by pancakes is predicted to be an avalanche process, so
that |M| decreases steeply above Hp’ as is observed. Ini-
tially, we test the dependence in Eq. (1) that
H,~H Xexp(—T/T,) by making a semilogarithmic
plot of the experimental values of H,(T) (open symbols)
versus T in Fig. 4. An approximately exponential falloff
is evident over a substantial temperature range. From
the slope of the best fit to these data (solid line), we obtain
the value T;,=50 K. Also, the intercept at T'=0 is 0.16
T. This is about 20% of the deduced!® thermodynamic
critical field H,.(0); the reduction is ascribed to surface
imperfections in the superconducting grains.

As presented, this analysis treats H, as a fixed quanti-
ty. Even in a classical superconductor, however, the field
H, [=H(T)] for penetration through a surface barrier
decreases with temperature. One can account for this
temperature dependence using the Ginzburg-Landau and
two-fluid relation

H(T)=¢y/[2**n& T)MT)]
=H.(0)[(1—t)2(1—tH1/2] . 9)

Including this additional factor, we plot as solid symbols
in Fig. 4 the quantity H,X(1—¢*)(1+¢%)!/%, which
should fall off exponentially with T according to Eq. (1).
The straight line through the data represents the theoreti-
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FIG. 3. Field dependence of the magnetization M at 15 K
with Hjlc(®) and Hljab (R). The asymmetry and the flat de-
creasing field branch with M ~0 are due to surface barrier
effects.
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FIG. 4. Dependence of the field of first penetration
H,~H_ Xexp(—T/T,) on temperature 7. Open symbols show
an analysis that assumes H,=const. Including a temperature
dependence for H, gives the solid symbols; see text. The
straight lines illustrate the exponential falloff of Eq. (1), which
persists up to 85-90 K.

cal form, which is followed reasonably well up to ~85 K.
The break and flattening of the curve at higher tempera-
tures signifies an onset of new physics, which is discussed
later following treatment of the irreversibility line. This
analysis yields the value T,=59 K for the characteristic
temperature.

We now consider the hysteresis in the magnetization,
which Fig. 3 shows is substantial. From detailed mea-
surements of M (H,T), one can construct the magnetic
hysteresis AM =[M (H decreasing)—M (H increasing)],
for fixed values of field and temperature. To interpret
these and following results, let us recall that hysteresis in
the magnetization arises from the presence of macroscop-
ic supercurrents in the grains of superconductor. One
possibility is that currents flow only very near the surface
of a grain, due to the presence of a surface barrier. A
second possibility is that currents exist throughout the
volume of a grain and are associated with a gradient in
flux density, as embodied in the Bean critical-state model.
Finally, current flow can be supported by a combination
of these, in which vortex motion is inhibited by both bulk
pinning and surface barrier effects, with the relative
strengths of the two possibly depending on both field and
temperature. In the present case, it is clear that surface
effects dominate, while bulk effects play a secondary but
sometimes nontrivial role. For example, the predicted
field dependence AM «<1/H is followed imprecisely, a
feature that we attribute to residual bulk effects at low
temperature and to approaching the irreversibility line at
high temperatures.

Experimental results for AM versus T are shown in
Fig. 5 for applied fields of 1 and 2 T, for both field orien-
tations. For the most part, we concentrate on the better
understood and more reliable case with Hj|c, i.e., H per-
pendicular to the Cu-O planes. The linear behavior in
Fig. 5 corresponds to an exponential temperature varia-
tion, which persists up to ~ 50 and 40 K, respectively, for
Hjlc. This temperature dependence has precisely the
form predicted by Eq. (2). The rate constant for the
falloff gives the value T,=33 K with H =1 T [Fig. 5(a)]
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and 26 K for H=2 T [Fig. 5(b)]. Note that AM
xexp(—2T /T,) decreases much faster with 7" than does
the penetration field H,.

For moderate levels of magnetic field, the hysteresis
AM with H||c is about a factor of eight larger than that
with H|lab. This anisotropy in AM is somewhat larger
than that observed (4.5) in aligned HgBa,CuO, 5 at low
field by Lewis et al.!” Before proceeding, let us recall the
geometry for the two configurations. With Hjlc, the in-
duced supercurrents flow in the Cu-O planes, with (line
or pancake) vortex motion being driven in the poorly
pinned a or b direction of the unit cell. In the alternative
case with H|\ab, the circulating currents flow both in the
ab planes (with vortex motion along the intrinsically
pinned c direction) and perpendicular to the planes (with
vortex motion parallel to the planes, sliding between
them). Thus the magnetization in the latter arrangement
folds together two different current densities.

The anisotropy in magnetization AM changes with
field and temperature. Compare, for example, the two
curves in Fig. 5(a) for H||c and H|jab. At low field and
low temperature, AM is largest with Hjlc. However,
when the magnitude of the field or the temperature in-
creases sufficiently, the curves cross and the sense of the
anisotropy reverses. With H =1 T, this occurs near 55
K, as seen in Fig. 5(a). The magnetic field at which the
two cross decreases rapidly with temperature. This is
shown in Fig. 6, a plot of the crossover field H* versus
temperature. Empirically, we see that the crossing field
decreases almost exponentially with temperature. Similar
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FIG. 5. Temperature dependence of the magnetic hysteresis
AM for aligned HgBa,Ca,Cu;05,5 with H|lc and Hjjab in ap-
plied fields of (a) 1 T and (b) 2 T.
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FIG. 6. Temperature dependence of the “crossing” field H *,
the field at which AM is the same for the two field orientations
H|/c and H||ab. (See Fig. 5).

behavior was reported for HgBa,CuO, s materials, but
the values are substantially higher in the present case:
for Hg-1201 at 20 K, the crossover lies at 0.2 T,!7 com-
pared with an estimated 10 T at 20 K and 4.5 T at 30 K
for HgBa,Ca,Cu;04.5. (Our measurements on the Hg-
1201 system give a crossing field close to that in Hg-1223,
e.g., 4.3 T at 30 K. The reasons for these variations in
properties are unknown.)

Thus far, we have considered two topics, the field
H,(T) at which pancake vortices first surmount the sur-
face barrier and the temperature dependence of the ir-
reversible magnetization AM. Now we examine the ir-
reversibility line (IL), the boundary in the H-T plane at
which AM —0. With a surface barrier, this condition
corresponds to reversible movement of pancakes or line
vortices through the surface; with bulk pinning, it corre-
sponds to a vanishing of the persistent current density.
Experimentally, we define the IL as the field at which the
isothermal AM decreases to some minimum value AM,,,,
here 0.02 G, which is near the noise floor for measure-
ments. This level lies near the baseline in Figs. 5(a) and
5(b). The results for H;  are shown in Fig. 7 for the two
field orientations. As is normally the case, the IL lies
much higher when the field is applied parallel to the Cu-
O planes. If one coarsely characterizes the entire temper-
ature dependence via a power law H; «<(1—T; /T.)",
as shown by Welp et al.,'® then we obtain n~5 in this
case. Before analyzing these data in more detail, we note
that the data of Schilling et al.!® on random polycrystals
fall approximately midway in temperature between our
measurements with the two field orientations.

Since surface barrier effects seem to dominate many
other features of these Hg-based materials, let us now an-
alyze the irreversibility line from this perspective. For
the 2D case with pancake vortices, Eq. (3) provides an
approximately exponential dependence on T. In the fol-
lowing analysis, we use the simple relation H,,(T)
=H_,(0)[1—¢2] to account for its relatively minor tem-
perature dependence. Consequently, plotting the quanti-
ty H; ., T/[1—¢t?] on a logarithmic axis versus T should
render a linear representation of the data. The resulting
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FIG. 7. The irreversibility line H; (7) in aligned

HgBa,Ca,Cu;04,5 with H|lc and H|lab. Open symbols show
the data of Schilling et al. (Ref. 19) acquired on polycrystalline
materials.

plot, Fig. 8, shows that the 2D theoretical relation Eq. (3)
describes the measurements at low and intermediate tem-
peratures relatively well. Near 80-85 K, there is a dis-
tinct break, signifying the onset of some new regime.
From the slope of the straight line in Fig. 8, we obtain
the value T, =31 K. Also, fitting Eq. (3) gives the rough
estimate H_,(0)~410 T. This value is larger by a factor
of 2.7 than the result H ,(0)=150 T obtained from an
analysis of the equilibrium magnetization of this aligned
material.!® The reason for the discrepancy is not known,
but it may originate similarly to the theoretical overesti-
mate> of activation energies by comparable factors of
2-3.

At high enough temperatures and sufficiently small
fields, the vortex pancakes should couple into vortices
and form an anisotropic 3D system. Then H; (T) should
change over to a power law of the form [1—¢]", as shown
in Egs. (5)-(7). We identify this crossover with the break
near 85 in Fig. 8. Figure 9 shows a standard analysis for
a power-law dependence, a double logarithmic plot of
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FIG. 8. Analysis of the irreversibility line for H||c, based on
creep of pancake vortices through a surface barrier. The
theory, Eq. (3) (straight solid line), describes the data well up to
the 2D to 3D crossover near 85 K.
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FIG. 9. The irreversibility line analyzed as a power law
H, <(1—T/T,)" at high temperature, as appropriate for 3D
line vortices. The straight line has a slope n =1.7; see text.

H,  versus [1—¢]. On this plot, the relationship is linear
at high temperatures and persists down to ~80 K. The
slope of the high-temperature segment gives an exponent
n =1.7. Thus we can rule out collective creep of vortex
bundles as the active mechanism in this regime, since Eq.
(5)-has an exponent n =4 that is much too large. The ob-
served value is close to (but not exactly equal to) the
power n =2 predicted both for single vortex hopping
over a surface barrier [Eq. (4)] and for conventional melt-
ing [Eq. (6)]. Since the former process requires infinite
energy when the vortex system is close to equilibrium,
conventional 3D melting remains as a viable explanation.
With melting, exponents n =2 have been observed close
to T, in very clean systems.?’ Rather commonly, howev-
er, values n <2 have been observed, as summarized re-
cently by Blatter and Ivlev.?! Their theoretical work
shows that quantum fluctuations lead to a more complex
functional dependence that can be approximated by a
power law with reduced exponents, e.g., n =1.3-1.5 for
YBa,Cu;0,. However, more weakly coupled, layered
materials (such as that studied here) have enhanced
thermal fluctuations, which reduces the relative impor-
tance of quantum effects and moves the effective ex-
ponent closer to 2. Hence the present value n =1.7,
which pertains to a moderately anisotropic material at
temperatures significantly below T, lies plausibly be-
tween the case with pure thermal fluctuations very near
T, (for which n =2) and the strongly reduced case with
pronounced quantum fluctuation effects (for which
n=1.3-1.5). An alternative explanation for the ob-
served disappearance of magnetic irreversibility is
thermal activation of vortices from bulk pinning sites.
This can give several different temperature dependencies,
depending on the volume of the pinning site.

In the earlier discussion of the penetration field H,, we
noted that it too exhibits a change of-character near 85
K. For T>90 K, the data for H, X(1—¢?)(1+¢%)'/? in
Fig. 4 (solid symbols) change little with temperature.
This indicates that we have HP(T)m(l—t)", with ex-
ponent n~1. A more detailed power-law analysis like
that in Fig. 9 shows that n =0.8, whi¢h is smaller than
the predicted value of 3/2 in Eq. (4).



DISCUSSION

Many features of the experimental data are explained
by surface barrier effects. Previously documented®'°
were (1) the asymmetric shape of the hysteresis loops, (2)
details of the ac magnetic response, and (3) different rates
of flux creep for the ascending field branch of the hys-
teresis loop compared with the decreasing field branch.
Here we show good agreement with the predicted tem-
perature dependence of the first entry field H, for
penetration by pancake vortices, Eq. (1). This analysis
yields the value T, =50-59 K for this characteristic tem-
perature. In addition, the magnetic hysteresis AM exhib-
its an exponential temperature falloff as predicted by Eq.
(2), with values T(,=33 and 26 K for applied fields of 1
and 2 T, respectively. A third test of the theoretical pre-
dictions and evaluation of this parameter comes from the
irreversibility line at low temperatures, which is well de-
scribed by the relation Eq. (3) for 2D pancake vortices.
This analysis yields the result 73,=31 K. From the
theory of Burlachkov et al.,® one has T,=¢yd /In(t/
to)=36 K, which agrees reasonably well with the experi-
mental determinations. In evaluating this expression, we
use the value A, =170 nm for the ab plane mag-
netic penetration depth obtained from studies of the
equilibrium  magnetization?®!® and set In(z/t,)
~30, as noted theoretically® and found experimentally
for Y-Ba-Cu-O crystals by analyzing the persistent
current density.??> Comparison of these results shows not
only the predicted temperature dependencies, but fair
consistency in the values of the characteristic tempera-
ture T,. It is curious that the deduced values for T
qualitatively tend to increase for measurements conduct-
ed at higher temperatures and/or lower magnetic fields,
but the theory provides no obvious sources for such an
effect.

Over a large range of temperature, the irreversibility
line exhibits 2D behavior. It has a distinct change of
character near 85 K, above which the vortex system ap-
pears to be three dimensional. At the crossover, we have
H, ,~0.2 T. Theoretically, this occurs at a field
B, ~€&¢,/d?, where Eq. (8) gives the full expression.
Solving the latter equation for the mass anisotropy pa-
rameter gives the estimate e~1/50. By assuming that
3D melting governs H;, at high temperature, which is
consistent with its temperature dependence, one can ob-
tain an alternative estimate for € using Eq. (6). This pro-
cedure gives e~1/75 to 1/35, as based on typical values
¢; =0.2 to 0.3 for the Lindemann factor,?! respectively.
The resulting values for € are relatively small, smaller
than the earlier estimate € <1/16 of Couach et al.?* that
were based on ac response studies of mixed-phase, ran-
domly oriented materials. In the study, the authors de-
duced a 2D to 3D crossover field of ~1 T, but stated that
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the field could be as small as 0.2 T, which actually coin-
cides with our value. Finally, note that the present esti-
mate relies only on experimental studies with Hj|c, which
is insensitive to any misalignment effects or angular dis-
tributions that can plague studies with H|lab. Further es-
timates of this important parameter will come when sin-
gle crystals of Hg-1223 become available.

CONCLUSIONS

Powders of HgBa,Ca,Cu;03,5 were dispersed and
magnetically aligned in epoxy to produce uniaxially
oriented material. Experimental results for the field of
first penetration H,, the magnetic hysteresis AM, and the
irreversibility line H; . with H||c follow many predictions
for giant creep of pancake vortices through a surface bar-
rier. The temperature dependencies are well described in
terms of the characteristic temperature T;. Its value as
predicted by the theoretical expression using indepen-
dently determined experimental parameters lies near the
experimental values obtained from analysis of AM and
H, .. Given the cumulative agreement with theory based
on 2D vortices, one concludes that tunneling of pancake
vortices dominates the vortex dynamics at low and inter-
mediate temperatures in this material. At high tempera-
tures, the system crosses over to a 3D line vortices and
behaves in a fashion reasonably described by 3D melting
relations. Assuming 3D melting provides the estimate
€~1/35-1/70 for the mass anisotropy parameter. With
H||ab, the magnetic hysteresis AM decreases more slowly
as a function of field and temperature, and the irreversi-
bility line lies at considerably higher temperature, com-
pared with the better understood case with Hjc axes.
Overall, these results constitute a clear example of giant
flux creep of pancake vortices through a surface barrier
with a crossover to line vortices at higher temperatures,
and provide considerable support for the underlying
theory.
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