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Strong surface-pinning effects in polycrystalline HgBazCu04+s superconductors
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Magnetic studies on polycrystalline HgCa&Cu04+q superconductors reveal pronounced pinning by the
grain surfaces at low temperatures over a wide range of magnetic fields. The response to small ac fields

shows that up to 80% of the width of the dc magnetic hysteresis loop in high fields originates from
shielding supercurrent flowing in the surface sheath, a vortex-free region with thickness of —10 nm. At
10 K and 15 kG, the observed persistent surface current has a density of -5 X 10' A/cm when averaged
over the barrier thickness. The study suggests that a high current density may be achieved in very thin
films by surface pinning.

INTRODUCTION

The recent discovery of a new family of superconduct-
ing materials, the mercury-based copper oxides, ' has fur-
ther stimulated interest and enthusiasm in high tempera-
ture superconductors. Preliminary studies have revealed
many aspects of these novel materials. ' A particularly
pronounced feature is that they have high transition tem-
peratures T„similar to the thallium- and bismuth-based
materials, whose value increases with the number of
copper-oxide sheets. New records of 134 K (at ambient
pressure) and 164 K (under hydrostatic pressure) were
established for the HgBa2CazCu30s+s (Hg-1223) com-
pound. In addition, higher irreversibility lines for the
materials are very attractive. In this work, we report
the study of another unique feature observed on a Hg-
1201 polycrystal sample, the effect of significant surface
pinning at low temperatures over a wide range of magnet-
ic fields.

It is well known ' that an ideal surface of a type-II su-
perconductor provides an intrinsic pinning barrier, the
Bean-Livingston (BL) barrier, which impedes entry or
exit of vortices. The phenomenon arises from a competi-
tion of two effects: (1) an attraction toward the surface
for an entering Aux line, due to its image line that is mir-
rored by the material boundary, and (2) a repulsion from
the surface, due to the interaction of the Aux line with in-
duced super currents. The net result is that, when
H &H, vortex lines cannot penetrate into the sample;
here the penetration field is H =~H,

&
=H„ the

Ginzburg-Landau parameter is «=A, /g (A, is the penetra-
tion depth and g is the coherence length), H„is the lower

critical field, and H, is the thermodynamic critical field.
In practice, surface effects in low-temperature supercon-
ductors can be neglected in most cases due to relatively
strong bulk pinning and especially to imperfections in the
specimen surface. For high-temperature superconduc-
tors, Burlachkov et al. pointed out that even if the effect
is suppressed due to surface roughness, the large values of
H, lead to higher values for H, making the BL barrier
very pronounced. In studies on YBazCu30~ (Refs. 9 and
10) and BizSr2CaCu20s (Ref. 11) crystals, pronounced
surface pinning effects have been observed. However, the
presence of strong bulk pinning at low temperatures
means that most experiments are performed at tempera-
tures either near to T, as in YBa2Cu307 s, or close to the
irreversibility line (BSCCO). In either case, the
magnetic-field range is relatively small. Recent work on
YBa2Cu408 crystals has shown the presence of distinct
surface barrier effects in magnetic fields up to 1 T, fol-
lowed by a sudden onset of bulk pinning at higher
fields. '

In this work, we observe strong surface effects in ran-
domly oriented HgBa2Cu04+s (Hg-1201) polycrystalline
materials at low temperatures for a wide range of mag-
netic fields. These effects are associated with the surfaces
of individual grains that are mostly decoupled. The phys-
ics deals primarily with intragranular effects, while inter-
grain current conduction constitutes a perturbation that
wi11 be subtracted out. The first piece of evidence for
strong surface effects is that the magnetic hysteresis loops
are very asymmetric with respect to increasing versus de-
creasing field branches. In contrast, the normal situation,
where bulk pinning dominates, gives symmetric loops.
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The characteristic flat magnetization curve for the field
decreasing branch with values close to zero is clearly
seen. The second piece of evidence is that the flux-creep
rate, dM/d ln(t), at fixed temperatures and fields is mag-
netically asymmetric; with increasing field history, it is
about twice as large as with decreasing field history. The
third and conclusive piece of evidence is the magnetic
response to small ac fields. Comparing the ac moment as
a function of ac field amplitude with calculations based
on the theory of Clem'3 and Burlachkov' shows that the
width of the hysteresis loop comes mainly from surface
currents. The density of the surface current is as large as
5X10 A/cm at T=10K and H=15 kG.

EXPERIMENTAL ASPECTS

A randomly oriented HgBazCu04+s polycrystal was
used in these studies. Details of the sample preparation
have been reported elsewhere. ' X-ray difFraction
showed that the sample was single phase with lattice pa-
rameters of 3.876 A (a axis) and 9.515 A (c axis). The
sample was cylindrical with diameter of 3.2 mm, length
of 5.8 mm, and mass of 253 ing. The corresponding ap-
parent density of the specimen was 76% of the theoreti-
cal density (7.05 g/cm ), as calculated from the crystal
lattice constants. The typical grain size of the individual
particles was approximately 3 pm, as determined by
transmission electron microscopy (TEM).

The dc magnetic measurements were made by using a
commercial SQUID magnetometer (Quantum Design
MPMS-7) and a laboratory-constructed vibrating sample
magnetometer (VSM). The superconducting quantum in-
terference device (SQUID) magnetometer is equipped
with a 7-T magnet which can maintain the sample in a
highly homogeneous field during measurement scans.
The VSM has an additional advantage that it allows for
continuous observation of the magnetic hysteresis curves
on an x-y recorder, which is particularly useful for study-
ing the reaction when one changes the direction of the
field scan.

The ac studies were conducted using a laboratory-built
mutual inductance bridge (MIB). A small ac field was ap-
plied coaxially with a dc field for study of the magnetic
response to the applied total field H,~ =Hd, +hosin(cot).
The ac field induces a signal in a set of pickup coils that is
proportional to the time derivative of the ac moment m„
of the specimen. A two-phase lock-in amplifier (PAR
model 5210) used without preamplifier filtering integrated
the voltage over half cycles and provided the magnetic-
moment change over a half cycle of the applied sinusoidal
field. A standard resistor in series with the ac primary
coil generated a reference signal and established the
phase for the phase sensitive detector. Two rectified, dc-
output voltages V;„d and V„„respectively proportional
to the real and imaginary parts of m„,were produced.
All magnetic measurements were performed with field
parallel to the cylinder axis. For uniform and consistent
calibration of the several instruments, a high-quality,
homogeneous Nb superconducting sphere was used as a
standard magnetic moment.

dc RESULTS AND ANALYSIS
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FIG. 1. The dc susceptibility 4m.M/H, N versus temperature T
for polycrystalline HgBa2Cu04+q, for applied magnetic fields of
4 and 25 G. The dotted line visualizes the zero-field-cooled
(ZFC) response in 25 G, if the grains were fully decoupled.

Figure 1 presents the dc susceptibility y =M/H, fr as a
function of temperature, for small magnetic fields of 4
and 25 G. Here (and only here), we calculated the mag-
netization using the geometrical volume" as determined
from the sample dimensions, in order to account properly
for screening efFects. As noted above, due to sample
porosity, this volume was about 24% larger than that cal-
culated from the mass and x-ray density. The effective
demagnetization factor D, calculated from the length-to-
diameter ratio of the cylindrical sample, ' was 0.20 and
this was used to calculate the efFective magnetic field H,s.
As seen in the figure, the quantity 4ng is almost equal to
—1. This means that at low temperatures the sample in-
terior was completely shielded by intergranular super-
currents. For the most part, these currents flow through
weakly coupled boundaries. With increasing tempera-
ture, the coupling between grains deteriorated, allowing
magnetic flux to thread between the grains at their boun-
daries. The entry of the flux corresponds to the "knees"
in the zero-field-cooled (ZFC) curves in Fig. 1. For low
fields, the knee lies near T, ; e.g., with H=4 G, it is barely
visible at T=93 K. With higher fields, however, the in-

tergrain Josephson current conduction deteriorates at
much lower temperatures; thus the knee is clearly visible
near T=78 K for H=25 G. Further evidence supporting
this interpretation was discussed earlier. ' Another
feature of this sample is a strong flux expulsion (Meissner
effect) by the individual grains, as shown by the field-

cooled (FC) curve with H=25 G. To illustrate this point,
we have drawn a horizontal dotted line to smoothly con-
nect with the knee in the corresponding ZFC curve
(H=25 G). This line represents the ZFC curve (shielding
signal) for an average individual grain that would have
been observed, if the grains were thoroughly decoupled.
By comparing the FC curve with the simulated (dotted)
ZFC line, we see that up to 75% of the ZFC intragrain
flux was expelled. This indicates that the individual
grains were relatively homogeneous with weak pinning
within the grains.
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Magnetic hysteresis loops M(H; T) at T=5 and 15 K
are presented in Fig. 2. A striking feature is the very
asymmetric shape of the curves, when one compares the
Geld increasing versus field decreasing branches. This
asymmetry conflicts with the Bean model, which provides
for a magnetic hysteresis loop that is symmetric about
the M=O axis (neglecting contributions from the equilib-
rium magnetization). Furthermore, the magnetization in

13, 14the field decreasing branch is very small, suggesting
that surface pinning dominates in the material. Note that
these features extend up to at least 65 ko, an enormous
range of field. Magnetization measurements at other
temperatures were similar and showed that the loop
width diminished quickly with increasing temperature.
While similar observations on YBazCu30~ s single crys-
tals ' and Bi2Sr2Ca, Cu20s crystals" have been reported,
the temperatures were generally much higher. Indeed, it
is highly unusual to observe strong surface effects at low
temperatures over a wide range of fields, as demonstrated
in this work.

To further characterize this system, magnetic relaxa-
tion measurements were conducted at fixed temperatures
using a VSM. For flux entry into the material, the field
was swept directly from zero to the target value, after
which the flux creep (M versus time t) was measured.
For flux exit, 0 was swept first to some considerably
higher field and then decreased to its target value, always
ensuring that the flux front fully penetrated the material.
The magnetization M(t) was recorded as a function of
time for about 5 min, beginning immediately when the
field reached its target value. Figures 3(a) and 3(b) show
M versus 1n(t) for flux creeping "out" and "in", respec-
tively. Comparing the two figures, we see clearly that the
rate of Aux entry is about twice as large as the exit rate,
which would not happen for a system with pure bulk pin-
ning.

However, two aspects appear to be inconsistent with
theory for surface barrier pinning. ' One is the field
dependence of the entry magnetization, M,„(H).Above
the field of first penetration H, the following relation is
expected:
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FIG. 3. Time dependence of the magnetization M at 15 kG
and 10 K, versus time on a log scale. (a) Results for decreasing
field history and (b) increasing field history, respectively. The
vertical scale factors are identical.
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M(H) at T=10 K. [The VSM has the advantage that it
continuously measures M (H) and so determines H
better. ] As seen in the figure, the magnetization de-
creases too slowly to fit the inverse field dependence
M ~1/H. A second apparent inconsistency is the ratio
between rates of flux entry and exit, R,„/R,„.This ratio

.14is smaller than the value predicted by the theory:

Re /R 3(M~ /M q) 3z (H /H) (2)

Here R =dM!d ln(t) and M, is equilibrium magnetiza-

—4aM, „=H QH H=H—/(2H)—.

To test this dependence, Fig. 4 shows VSM results for 30
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FIG. 2. Magnetization loops M (H), measured at 5 and 15 K.

FIG. 4. A magnetization loop M(H) at 10 K, measured by
VSM. The dashed line on the upper branch represents the in-
verse relation M a- 1/H predicted by surface pinning theory for
uniaxial materials. Inset: detailed response of M(H) upon
changing the direction of field scan. Here the field was swept at
4 G/s.
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tion. To evaluate this expression, we use experimental re-
sults' from an analysis based on vortex fluctuation
theory, ' which provided the values A.,b(0)=0. 12 pm,
g,b (0)=2.1 nm, and v=45 for this compound. Substitut-
ing H = 1200 G and H = 15 000 G into Eq. (2), we obtain
R,„/R,„=20,which is substantially higher than the ex-
perimental result.

One possible origin for these inconsistencies is that the
theory treats an isotropic or uniaxial system with unique
values of H and ~. In contrast, the material here is a
randomly oriented polycrystal. Hence the value of Hz
for each grain may vary, depending on its orientation.
Thus, it is not appropriate to use a single value of H~ to
fit the magnetization curve. The same consideration ap-
plies to the analysis of R,„/R,„,where a distribution of ~
and H should be taken into account. Alternatively, if
we substitute in Eq. (2) the experimental value -7 G for
M,„and -3.3 G for M, (as calculated using vortex fiuc-
tuation theory with parameter values from Ref. 18), then
the ratio is about 9. This is closer to the experimental re-
sult, but still larger.

To confirm further that the observed phenomena arise
from surface-pinning effects, we studied the ac response.
As discussed below, a sample's response to a small ac
field provides a very useful way to distinguish surface pin-
ning from bulk pinning. In addition, it gives quantita-
tively the contribution of surface pinning to the overall
magnetization, the scale of the surface sheath, and the
surface supercurrent density.

ac RESPONSE

According to the BL theory, an ideal surface of a
type-II superconductor permits entry of an applied exter-
nal field not at H, &, but rather at some higher field
H =H, . For surfaces that are nonideal due to micro-
scopic imperfections and/or angular misalignment, one
expects penetration at some field below the ideal H . The
surface barrier, which arises from the competition of
forces previously discussed, leads to a vortex-free region
near the surface. ' ' ' For a cylindrical sample of radius
R ))A, in which bulk pinning is negligible, the magnetic
flux density B inside the material can be considered uni-
form. In this case, the thickness of the vortex-free region
xI is determined by the relation

x/=A, cosh '(H/8) . (3)

The local magnetic field H within the vortex-free region
decreases from its surface value h (r =R)=H to its interi-
or value B over the distance x&, as described by the equa-
tion:

h (x)=8 cosh[(xI+x —R)/A, ] . (4)

We assume that at some time t(0, an dc external field
Hp&H was applied; these static conditions give the
values Bp for the vortex flux density and xIp for the an-
nular thickness. At t) 0, a small ac field h„(t}«Hois
added parallel to the dc field. Both B and x& will oscil-
late in reaction to the ac field. Let us consider the case
with h„((4aM,„,where M,

„

is the magnetization when

the surface barrier to flux entry is zero, as illustrated in
Fig. 1 of Ref. 13. The effects of magnetic relaxation on
the ac response are small, ' ' because a large quasistatic
surface barrier prevents cyclic entry and exit of flux. For
simplicity, then, we neglect flux-creep effects in the fol-
lowing discussion. Hence, the number of vortices is con-
served and the equations for x&(t) and B(t) are the fol-

lowing:

mB(t)(R xI)—=nBo(R —x/o) =—@,
2[(H/8) —1]=(xI/A, )

(5)

(6)

The magnetic flux in the vortex-free region is calculated
by integrating h (r) from Eq. (4) as follows:

Rf&=2nfh . (r)r dr
"f

Xy H=2m', B R sinh +A, 1 ——
B

The ac moment m„is directly related to the net time-
dependent flux [m R h„—( P+4 ) ]. Consequently, com-

paring the ac experiments with these calculations can
provide several interesting quantities, including the sur-
face related magnetization, x&, and Bp.

As mentioned earlier, the ac magnetometer detects
both the real and imaginary phases of m„.Instrumental-

ly, the phase sensitive detector generates the real (induc-
tive} component M;„zby integrating the ac voltage from
cot = —m. /2 to cot =m. /2 and subtracting the voltage in-
tegrated from m./2 to 3m/2; the imaginary part m„,
comes from integrating from cot=0 to cot =a and sub-
tracting the integral from ~ to 2~. This provides the key
results shown in Fig. 5, where the components of ac mag-
netization M„,and M;„d are plotted as functions of ac
amplitude ho, respectively. The open symbols in the
figure denote the raw experimental measurements. These
representative data were taken at T=10 K and Hp =15
kG.

Below, we show that surface effects account very well
for the results in Fig. 5. First, however, we eliminate rel-
atively unimportant influences of intergranular currents;
then we rule out explanations based on bulk intragranu-
lar pinning; and finally we compare our experimental re-
sults with the theoretical analysis cited.

Examination of Fig. 5 shows that two sources contrib-
ute to the magnetization M;„d,as evidenced by its abrupt
change of slope near hp=7 G. For convenience, we
denote the regions as segment 1 for hp (7 G and segment
2 for hp )7G, respectively. In segment 1, the differential
susceptibility g=dM;„d/dhp, is unphysically large, with

where H (t)=Ho+h„(t). We obtain Eq. (6) from Eq. (3),
assuming x&/A, «1. Combining Eqs. (5) and (6) gives the
following for B:

+ 4@A, SHA, 4HA .
2 ~+4 g4 g2

2
2

2HZ, 0
R
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FIG. 5. The ac magnetization versus ac field amplitude ho,
for the out-of-phase component M„,and the in-phase com-
ponent M;„&.The solid lines show calculated in-phase ac mag-
netization M,z„,and out-of-phase component. Raw experimen-
tal values (open symbols) were corrected (filled symbols) in the
region with ho ) 10 G, by subtracting the contribution (

—0.4 6)
due to intergranular currents.

4m'= —1.204 for ho~0. This value is based on the mass
volume, i.e., (mass-theoretical density), with no correc-
tion for demagnetizing effects. Using the geometrical
volume gives 4~g= —0.803. In either case, these large
values clearly indicate that a weak ac intergranular
current circulates through a portion of the material, even
with a dc field HO=15 kG. (This observation does not
conflict with the lower field dc results in Fig. 1, which
show that most of the grains are weakly linked on the
long time scale of the dc experiment. } As a result of some
grain-to-grain coupling, a small ac field can induce inter-
granular currents. However, the current is limited by the
very small fraction of strongly linked grains, which
causes this contribution to M;„zto saturate with a value
of —0.4 G near ho=7 G. In region 2, we subtract out
this intergrain contribution ( —0.4 G) to obtain the
grain-surface-related, majority component of M;„s,which
is denoted by filled symbols.

Considering the out-of-phase magnetization M„„Fig.
5 shows that there is little loss for small ac fields, but the
loss increases quickly when ho exceeds 1 G and flattens
for ho ) 14 G. This behavior is attributed to the same in-

tergrain currents, which are easily driven to their critical
values. Consequently, an intergrain loss component de-
velops and saturates in concert with the development and
saturation of the inductive component. Now, for a super-
conducting current ring driven to its critical current, the
real and imaginary components of M are equal in magni-
tude. They differ mainly in that the ac field amplitude ho
needed for saturation of M„,must be twice as large as
that required for M;„~.Consequently, we make the same
0.4 G correction for M„,as for M;„~,except that ho must
be & —14 G. The corrected values are shown as filled
symbols in Fig. 5.

Let us now establish that the results in Fig. 5 cannot be
explained by bulk pinning of vortices. Campbell has
shown, for example, that in a bulk pinning system, (1) the

in-phase flux is proportional to the square of the ac am-
plitude and furthermore, (2) the in-phase fiux is twice the
out-of-phase flux. Experimentally, however, the in-phase
fiux ~R (h„+4nM.;„z)has no ho dependence in either
segment 1 or 2. Furthermore, the value of M;„zis much
larger than its corresponding value of 2M„,. These
discrepancies persist, independent of the above treatment
of intergranular effects. Hence it is clear that ordinary
bulk pinning is not significant in the materials under
study. Rather, surface effects dominate the magnetic
behavior.

The most interesting data in Fig. 5 is contained in seg-
ment 2. For ho in the range 10—70 G, M;„& increases
linearly with ac amplitude, with slope dM/dho = —0.032.
Meanwhile, the corrected M„,is very nearly zero, rising
slowly with ac field amplitude. Both major features are
quantitatively consistent with the presence of a surface
barrier, as shown below. For amplitudes above -70 6,
the slope of M;„z gradually decreases, while M„,rises
more quickly.

It is interesting to compare and combine these mea-
surements with the dc results in Fig. 4. The dc hysteresis
loop in the main figure was acquired with a field sweep
rate dH/dt=160 G/s. The figure shows that at H=15
kG, M,

„

is about —8.2 G and M,
„

is 1.1 G. The positive
value of M,„,which is ideally zero, can arise from inter-
granular shielding currents and perhaps a minor amount
of bulk pinning. The inset (Fig. 4) shows the hysteresis
loop for dc fields in the range 15 kG (H & 17.3 kG, taken
at a sweep rate of 4 G/s for higher resolution. The
response of the system to changing the direction of field
scan is easy to see. When the scan with increasing field
was stopped at 17.3 kG for a few seconds, the signal de-
cayed due to flux creep, generating the vertically aligned
points. Upon sweeping the field downward, the magneti-
zation decreased linearly with H to a value of ——0.2 G,
and then approached M,„more gradually. The linear
variation, indicated by a dotted line, has a slope of
—0.032. It is almost the same slope as that found in seg-
ment 2 of the ac data, Fig. 5. This agreement strongly
suggests that the underlying mechanism governing the
response of the magnetization is the same in the ac and
dc studies.

We now analyze m„with Eqs. (7) and (8), using the
following material parameters. From TEM micrographs,
an average grain diameter of -3 pm was obtained. For
the London penetration depth, we have A.,~(0)=0. 117
pm from an analysis of vortex fluctuation effects. ' The
value of 4 Isee Eq. (5)j depends on the value of the ap-
proximately constant internal induction Bo. If bulk pin-
ning and the thickness of the vortex-free region are
neglected, then the relation Bo=Ho+4~M, „provides a
good estimate of Bo. Taking M,„=—8 G from Fig. 4
and Ho = 15 000 G, one obtains Bo—14900 G. The value
of xfo= 10 nm is then obtained from Eq. (3).

The calculated results for m„(solid lines) are plotted
versus ho in Fig. 5 for comparison with the experimental
data for M;„~.A key feature is that in the region ho ) 10
G, the calculated lines lies highly paralle1 to the raw data.
After correction for intergranular currents, the experi-
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mental results (shown as solid symbols) agree quite well
with the calculated curve. Furthermore, the lossy com-
ponent M„„ascorrected, is quite small; this is just what
one expects for a system with surface barriers, where the
ac field compresses and expands the vortex array very
slightly during each cycle. These features give strong evi-
dence that surface barrier effects dominate in these ma-
terials and constitutes a central result of this work.

For still higher ac field amplitudes (h )70 G in Fig. 5),
the experimental measurements curve upward. We sug-
gest that this diminishing response for M;„zcomes from
the onset of increasingly significant amounts of flux in-
gress and egress in large h0. This feature is not included
in the above theory, which assumes that flux-creep effects
are negligible. Also, the increase of the lossy component
M„,at high ha may affect the inductive component as
well, since the model does not include any loss which be-
comes important for large ac amplitudes. Hence the in-
crease of the loss signal reduces the in-phase signal and
the magnitude of M;„d.

At sumciently high amplitude of the ac field, one ex-
pects the barrier-related ac moment to saturate. Unfor-
tunately, the maximum available ac field was -90 6, due
to limitations of the power supply and heating effects in
the MIB. We can circumvent this limitation and deter-
mine the net contribution to the magnetization from sur-
face currents, by incorporating some results from the dc
study into the analysis. As noted before, the ac slope
dM, „d/dha for ha= 10—70 G, is nearly the same as the
dc slope dM/dKQ in the domain where the field sweep
reverses direction. This means that both have the same
origin. As shown by the inset in Fig. 4, the magnetiza-
tion varies linearly with decreasing H, with M changing
from —8.2 to ——1 G. (While the inset shows data at
Ha=17000 6, the corresponding results at H0=15000
G are very similar. ) Hence surface pinning furnishes 7.2
0 of the irreversible magnetization. The remaining —1

6 of magnetization change in this loop comes from bulk
pinning contributions. Combining these results with the
calculated thickness —10 nm of the vortex-free region,
one finds for the corresponding surface current density at
10 K and 15 kG a value of 5 X 10 A/cm, averaged over
the boundary thickness. This is about ( —,') of the depair-
ing current density for H ~~c axis, as calculated using stan-
dard expressions.

Surface barriers appear to be somewhat common in
Hg-based high-temperature superconductors. For exam-
ple, we have obtained similarly asymmetric dc magnetiza-
tion curves for other Hg-based superconductors, both
HgBa2CaCu206+& and HgBa2Ca2Cu308+&. Others
have presented (without explanation) similar M (H) loops
for as-synthesized Hg-1201 materials. So materials pro-
duced elsewhere also exhibit clear evidence of surface
barrier effects well below T, in large magnetic fields.
Moreover, upon neutron irradiation that increased the
bulk pinning, the magnetization loops became much
more symmetric about the zero of magnetization.
These observations further confirm the validity of our ex-

planation in terms of surface barrier effects.
Observation of pronounced surface barriers requires

that a bulk pinning effect be small by comparison. In
crystals of high-T, materials, this has been achieved
largely by operating at temperatures and fields above the
irreversibility line, where the bulk J,—+O. However, for
the Hg-based materials investigated here, the magnetiza-
tion studies were conducted well below the irreversibility
line, where the intergrain persistent current density was
finite but comparatively small. The weakness of current
density arise either from low densities of naturally occur-
ring defects (e.g. , due to synthesis at unusually low tem-
peratures for the Hg-based compounds), or from less
favorable fundamental properties such as a lower thermo-
dynamic critical field H, and condensation energy, or
from a combination of these. Another factor that can
promote the observability of surface effects is a large
surface-to-volume ratio in the superconducting grains.
As noted by Beasley, Labusch, and Webb, the creep
rate scales as R for a surface barrier and as R for pure
bulk creep. Thus, surface effects are accentuated in very
small particles. However, the grain size in the present
study, 3 pm, is roughly comparable with those in many
other studies of polycrystalline or grain aligned high-T,
superconductors, such as YBa2Cu307 &. For these other
comparably sized high-T, particles, bulk rather than sur-
face effects tend to dominate at low temperatures. Quali-
tatively, we attribute this to a greater density and
effectiveness of naturally occurring pinning. In addition,
defects at the surface degrade the effectiveness of the sur-
face barrier. In the specific case of YBa2Cu307 &, twin
boundaries can act as "gates" to channel flux into the in-
terior.

CONCLUSIONS

Pronounced surface-pinning effects have been demon-
strated in polycrystalline Hg-1201 materials. Even at low
temperatures, surface pinning rather than bulk pinning
dominates the magnetic properties of these Hg-based
samples. The response of the surface shielding current to
a small ac field, superposed on a large dc field, has been
discussed in terms of a model based on Clem's theory. In
this case, the calculated surface current density is about
5X10 A/cm at 10 K of temperature and 15 kG of dc
field.
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