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Pronounced effects of a surface barrier are frequently observed on polycrystalline superconductors of
HgBazCa„,Cu„oz„+z+z[Hg-12(n —1)n] with n =1, 2, and 3. Compared with other known high-

temperature superconductors, the effects at low temperatures are much stronger and persist over a wide

range of magnetic fields. The present analysis shows that the enhancement of the irreversible magnetiza-
tion of grains by the surface barrier is comparable to that by neutron irradiations. The magnitude of the
surface supercurrent density is )4X10 A/cm at T=40 K and H =45 kG, for Hg-1223. The upper
and lower boundaries of the thickness of the vortex-free region and the surface-current density are ana-

lyzed as functions of temperature and field.

INTRODUCTION

The recent discovery' of mercury-based copper oxide
high-temperature superconductors (HTSC) has generated
considerable excitement in the superconductivity com-
munity. Intensive studies have revealed many properties
of the novel materials. These include: identification of
the crystal structures that provided an important param-
eter, the interlayer distance between CuO(1) layers, the
penetration depth and coherence length of Hg-1201 in
the a-b plane; and the magnetic irreversibility line of
polycrystalline Hg-1201 (Ref. 4) and Hg-1212. Further-
more, the great enhancement of critical current densities
in Hg-1201 by neutron irradiation and the elevation of
the transition temperatures T, under quasihydrostatic
pressures for all Hg-12(n —1)n superconductors have at-
tracted special attention. In a recent study, we reported
the observation of strong pinning effects by a surface bar-
rier in polycrystalline Hg-1201. Here we present a fur-
ther study on polycrystalline samples of Hg-1212 and
Hg-1223. We found that strong surface pinning is a com-
mon feature for all Hg-based polycrystalline supercon-
ductors.

The nature of the surface barrier was discussed by
Bean and Livingston and de Gennes. ' It was further

developed by Clem, " Ternovskii, and Shekhata' and
Burlachkov. ' The effect is due in part to an attractive in-
teraction between a nucleated vortex line near the sample
surface and the material boundary, which is equivalent to
a mirror image of the entering vortex line. For an ideal
surface, the interaction resists the entry of vortices until
the applied magnetic field reaches the value of
H =Co/4m'(=H, »H„;here 4o is the flux quantum,
A, is the penetration depth, g is the coherence length, H,
is the thermodynamical critical field, and H„is the lower
critical field. In most cases, the attraction by the vortex-
image is diminished by surface roughness, which leads to
the condition H, &

& H (H, . For H )H, in which case
one has the internal Aux density B)0, the surface barrier
still impedes the entry and exit of vortices, resulting in a
magnetization that decays slowly toward its equilibrium
value.

The paper is organized as follows. First, evidence of
the surface barrier in Hg-1223 and Hg-1212 polycrystal-
line samples is presented. Next, the results are compared
to other high-temperature super conductors, especially
YBa2Cu307, to show the surface barrier in Hg-based su-
perconductors is distinctive. Finally we analyze the tem-
perature and field dependence of both the thickness of the
vortex-free region and the density of the supercurrent
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Rowing in the region. The analysis shows that up to
T=40 K and H=45 kG, a thin surface sheath with
thickness less than 25 nm carries a surface current with
density larger than 4X 10 A/cm .

EXPERIMENTAL ASPECT

TABLE I. Summary of physical data for Hg-based high-
ternperature superconducting samples, including average grain
size (d»).

Sample

A2
not irradiated
A2
n irradiated
A3
not irradiated

A3
n irradiated
02

Composition

HgBa2Ca &Cu206+

HgBazCa &Cu2O6+

HgBa&Ca2Cu30s+

HgBa2Ca2Cu30s+

HgBa2Ca & Cu2O6+

HgBa2Ca2Cu30s+

Phase Mass (dg ) T,
purity (mg) (pm) (K)

129 8 127

13 8 127

50 10 135

16 10 135

95%%uo 36 6 123

90%%uo 28 6 134

Six randomly oriented polycrystalline samples of Hg-
1212 and Hg-1223, three of each sort, were used in the
study. Two of each type were synthesized by Wagner
and Hinks at Argonne National Laboratory. Among
them, one Hg-1212 and one Hg-1223 sample were irradi-
ated with neutrons having E)0. 1 MeV to a Auence of
2X10' neutrons/cm at the University of Illinois Ad-
vanced TRIGA reactor facility. ' Details on the effects
of neutron irradiation will be reported elsewhere. Since
the irradiated and the nonirradiated samples were made
in the same batch and their preirradiation characteristics
were identical, we treat them as one sample and denote
the results as the data for the nonirradiated and the irra-
diated samples. The samples are labeled as A2 and A 3
for Hg-1212 and Hg-1223, respectively. Another two
samples, labeled as 02 (Hg-1212) and 03 (Hg-1223), were
prepared at the Chemistry Division, Oak Ridge National
Laboratory. The materials were synthesized using the
solid-state reaction methods in a single reaction step be-
tween previously prepared precursor materials. Details
of the sample preparation have been reported else-
where. ' Characterizations of the mass, grain size,
phase purity, and transition temperature of each sample
are listed in Table I. The mass volumes, i.e.,
mass/theoretical density, were used in the calculations to
obtain the values of magnetization. Sample A2 and A3
are irregular shaped, with approximately the same size
for length, width and thickness. Sample 02 and 03 are
cylinders of -2 mm diameter and -3 mm length. The
dc magnetic measurements were conducted using corn-
mercial superconducting quantum interference device
(SQUID) magnetometers (Quantum Design MPMS-7 and
MPMS-S). For measurements of hysteresis loops M(H),
the sample was first cooled from above T, at zero field

(ZFC) to the desired temperature and then the field was
applied. Flux-creep studies M(t) established the decay
with time of induced supercurrents at fixed temperatures
and magnetic fields. Each creep measurement lasted
about 3 h. For Aux entry into the sample, the field was
swept directly from zero to the target value, after which
the fiux creep was measured. For fIux exit, H was swept
first to some considerably higher field and then decreased
to the target value, always ensuring that the Aux front
penetrated the material fully.

EXPERIMENTAL RESULTS AND DISCUSSION

The magnetic hysteresis loops M(H) for sample 3 3 be-
fore the irradiation at T=30, 35, and 40 K are plotted in
Fig. 1. Similar data at T=15, 20, and 30 K from sample
02 are presented in the inset. The most pronounced
feature in both plots is the very symmetric curves in the
"field-increasing" branch versus the "field-decreasing"
branch. In the field-increasing branch of both samples,
M develops linearly with increasing field until it reaches a
peak value near H = 1500 G, after which M drops quick-
ly. In the field-decreasing branch, the curves of M(H)
are very Oat and horizontal with values close to zero until
H decrease to —800 G. This asymmetric shape com-
pletely convicts with the Bean model, ' which predicts a
magnetic hysteresis loop that is symmetric about the
M =0 axis. The small magnetization in the field-
decreasing branch is a "fingerprint""' indicating that
surface pinning, rather than bulk pinning, dominates the
magnetic behavior. Similar features were found in sam-
ple 02 and 03. Among these samples, A2 before the ir-
radiation had the least asymmetric hysteresis loops, but
largest width b,M (the corresponding magnetic J, was
9X10 A/cm at T=5 K and zero field). This signifies a
relatively lower ratio of surface pinning versus bulk pin-
ning. As we illustrate later, this is due to higher bulk
pinning rather than weaker surface pinning.

Flux-creep measurements were conducted on the sam-
ples to check the differences of the magnetic relaxation
rate R =dM/d lnt for fiux during entry and exit. For a
bulk-pinning-dominated system, the theory predicts'

R =+Ro(1+5),
where + signs refer to positive or negative V'B, corre-
sponding to the Aux entry or exit in the field-increasing
and decreased branches, respectively. According to the
theory, 5 «1. On the other hand, for a surface-pinning-
controlled system, the ratio of R+/R depends on the
stage of the relaxation. ' Theoretically, the ratio tends to
unity as time t goes to infinity. However, for a time win-
dow of practical scale, R+ is always larger than R . A
nonlogarithmic decay was found in these samples. Espe-
cially at higher fields, the curves of M versus In(t) are
significantly "bent" in the early stage of relaxation.
There is a crossover at t -200 sec, depending on the field
and temperature, after which the curve becomes much
more linear. The interpretation of this nonlogarithmic
decay is not clear at this moment; it may be due to some
similar reasons in bulk-pinning-controlled HTSC (Refs.
18—20) or to the contribution from surface pinning, ' or
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FIG. 1. Magnetization M
versus field H for sample A3 at
T=30, 35, and 40 K before neu-
tron irradiation and at T=30 K
after the irradiation; inset: M
versus H at T=20, 30, and 40 K
for sample 02. Lines are guides
to the eye.
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conceivably some instrumental transient. In addition, it
is generally difticult to determine the precise time origin
(d fi d the time at which the applied field reached thee ne as

in S UIDtarget value) for each relaxation measurement in SQ
magnetometers. To define R clearly and avoid these
complications, the values of R+ and R were obtained
in the time window of t )800 s where the inhuence from
the inaccuracy of the time origin should be much re-
duced. In Fig. 2, the ratios of R+ /R of sample A 3 are
plotted as a function of field at T=30 K. Before the irra-
diation, R+ is about 2 or 3 times larger than R, which
is much greater than what is expected for a bulk-
pinning-controlled system. Similar features are seen for
measurements taken at other temperatures and for other
samples, showing that surface-barrier effects are pro-
nounced and pervasive in these materials.

Another demonstration of the relative importance of
the strong surface barrier is that the features mentioned

3.0
Hg-1223, A3
T=30K

above are greatly reduced or disappeared after increasing
the bulk pinning by irradiating with neutrons. To show
this point, Fig. 1 includes, for comparison, the magneti-
zation M(H) at T=30 K after irradiation. Irradiation
significantly reduced the asymmetry of the hysteresis
loop so that the magnetization curve in the field-
decreasing branch is no longer horizontal nor zero. In
addition, the ratios R + jR from relaxation measure-
ments declined markedly (Fig. 2). The coincidence of
these changes upon neutron irradiation is a further
confirmation that they are correlated events and were as-
sociated with an increase of surface roughness and bulk
pinning, both due to the irradiation. The effects of irradi-
ation are quite peculiar for sample A2. In Fig. 3, hys-
teresis loops M(H) at T=20 K before and after the irra-
diation are plotted. While irradiation enhanced the mag-
netization M in the field-decreasing branch over almost
the entire region, M diminished over a wide region for the
other branch. Generally, the enlargement of magnetiza-
tion is symmetric; irradiation does not degrade the
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FICx. 2. Ratio of magnetization decay rates R+/R versus

magnetic field H at T=30 K for sample A3, where R+
represents dM/d ln(t) in the field increasing branch and R in
the field decreasing branch.

40 501O 20 30
H(aa)

FICx. 3. M versus H for sample at T=20 K before and after
17 2neutron irradiation with 2X 10 n/cm .
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mixed-state irreversible magnetization unless the dosage
is so high that the overall superconductivity of the sam-
ple is significantly destroyed. Here we can rule out this
possibility, as the T, of the sample was not affected by the
irridation and the magnetization in the field-decreasing
branch is enlarged. Our explanation is the following.
The hysteresis loop becoming much more symmetric in-
dicates that the surface barrier becomes negligible after
the irradiation. Strengthening of the bulk pinning by the
irradiation is clearly marked by the enlargement of the
magnetization in the field-decreasing branch. In the
field-increasing branch, however, destruction of the sur-
face magnetization mainly canceled out the increase in
bulk magnetization. Since the surface-barrier-dominated
magnetization in the field-decreasing branch was rather
small (M-0) before irradiation, the net increment in this
magnetization becomes prominent. The experiment
showed that the effects of the surface barrier before irra-
diation are comparable with bulk pinning generated by
neutron irradiation. Noting that the hysteresis loops of
sample A2 were the least asymmetric among four unirra-
diated samples, the above discussion clearly indicates that
a stronger bulk pinning but not a weaker surface barrier
diminished the apparent effects of surface pinning.

Further evidence for a surface barrier can be obtained
via ac response measurements, where the ac magnetic
moment is recorded as a function of the magnitude of a
small ac field that is coaxially superimposed on a dc field.
For a polycrystalline sample of Hg-1201, our previous
study has shown excellent agreement between the experi-
mental results and theoretical calculations based upon
surface pinning. Since the, overall features of dc magnetic
measurements for Hg-1223 and Hg-1212 samples are
identical to the Hg-1201 sample, it is entirely reasonable
to think that the observed phenomena in all three sam-
ples (i.e., Hg-1201, Hg-1223, and Hg-1212) stem from the
same origin.

A number of questions arise: Why do the Hg-based
HTSC materials exhibit such pronounced surface-barrier
effects? Are similar features common in other HTSC's?
In the following, we contrast the present results with
studies performed on a specially chosen polycrystalline
sample of YBa2Cu307 s (YBCO).

Observations of surface barriers in YBazCu307
(Refs. 21 and 22) and BizSr2CaCu20s (Ref. 23) (BSCCO)
single crystals have been reported. However, most exper-
iments were conducted in small fields ( —100 G) and at
temperatures either near to T, (YBCO) or close to the ir-
reversibility line (BSCCO) to avoid the influence of bulk
pinning. Since we used polycrystalline samples of Hg-
1212 and Hg-1223, it is more appropriate to compare
with results from polycrystalline samples of other HTSC
materials. For reasons described below, we have chosen
a sample composed of fine, mostly monocrystalline
YBapCU307 particles produced by high-temperature py-
rolysis of aerosols containing stoichiometric ratios of Y,
Ba, and Cu cations in nitrate solutions. After synthesis,
the randomly oriented YBCO particles were pressed at
6000 lb (27000 N) into a cylinder with diameter of 4.8
mm and mass of 0.354 g. The sample was not sintered
after pressing, in order to keep the intergrain connectivi-

10- T=5K
8..

20 K
I

40 K
,'P

' ' 'k
r /

'/ 'Q— 4—~- —g- . . ;$. . ;. . 0;;—8- —s--it- —~
a ~. .gri ~ -e--- ~~----e.—

I . '

0

YBCO

10 20 30 40 50 80
H(aa)

FIG. 4. M versus H for an assembly of small Y&Ba&Cu307
particles at T= 5, 20, and 40 K.

ty poor. The magnetic onset T, was 91 K and the aver-
age particle diameter, as revealed by scanning electron
microscopy, was -0.25 pm. Measurement of magnetiza-
tion versus temperature in an applied field of 10 G
showed that the field-cooled (FC) data were extremely
similar to zero-field-cooled (ZFC) data. In other words,
the magnetization was highly reversible, suggesting that
bulk-pinning effects are relatively weak. Given such a
small grain size and high reversibility in low field, we ex-
pect the sample to have higher ratio of surface-
pinning/bulk-pinning and hence' to show pronounced
surface-pinning effects. Presented in Fig. 4 are magnetic
hysteresis loops of the sample at T=5, 20, and 40 K.
The shape of the loops is asymmetric with respect to the
central line of M=0, which is infrequently seen in single
crystals but often found in polycrystalline samples at
higher temperatures. This indicates that the bulk pinning
of these aerosol particles is very weak as expected. How-
ever, the loops lack a basic feature as compared with
those in Fig. 1: the magnetization in the field-decreasing
branch is not near zero, and it starts to increase at much
larger fields. This indicates the surface pinning is too
weak to resist Aux lines escaping from the sample bound-
ary; hence the magnetization lies near its equilibrium
value M, (H ). In searching the literature we found that
this feature is often seen for polycrystalline samples of
YBCO and BSSCO measured at higher temperatures,
e.g. , T) 30 K, whereas at low temperatures, hysteresis
loops are generally symmetric. From this point of view,
the phenomena found in Hg-based superconductors are
distinctive. It certainly demonstrates a much stronger
surface barrier in Hg-based HTSC.

The answer to the first question, the tendency of Hg-
based materials to have pronounced surface barriers, is
not clear. Typically the surface barrier is considered a
property of an individual sample, depending upon the
method of sample preparation and the details of material
processing. In our studies, samples made by different
groups showed similar features. It may be due to some
intrinsic properties associated with mercury, since the
overall crystal structure and other elements in the Hg-
based cupric oxides are similar to other HTSC; alterna-
tively, it may arise from the low-temperature heat treat-
ment in the sohd-reaction method. This is a subject re-
quiring further study.

Although the theory of the surface barrier has been
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M,„~M;„+M, (2)

where M,„(H) is the entry magnetization at which the
surface barrier is zero and M,q(H) is the equilibrium
magnetization. At a finite temperature, M;„relaxes from
M,

„

toward M,q, causing the pinning energy to increase.
If the surface barrier is weak, then M,

„

is close to M,
and the relaxation is fast. Considering the field-
decreasing branch with a strong surface barrier, flux lines
are not free to exit until Md (the magnetization in the
field-decreasing branch) increases to zero. Hence Md is
within the range of

M, Md 0. (3)
I

developed since the early 1960's, few quantitative studies
of the thickness of the vortex-free region and the density
of the supercurrent flowing in this region, especially for
HTSC's, are found in the literature. The Hg-based
HTSC's provide a good chance for studying these ques-
tions. The following analysis of our experimental data lo-
cates the lower and upper boundaries of both quantities.

Considering a case where the bulk pinning is negligible
and only the contribution from surface pinning is taken
into account, "' the algebraic value of the magnetization
M;„(which is negative) in the field-increasing branch lies
in the range of

The sum, M, (H)=M;„(H)+Md(H), equals to M,
„

for
the limit of strong surface barrier and 2M, for the weak
limit. For a real system there are contributions from
bulk pinning and background. The former has opposite
signs but equal magnitudes for M;„and Md. Hence the
effects of bulk pinning in M, just cancel. The magnetic
background can be obtained by extrapolating the depen-
dence of magnetization on temperature (Curie-Weiss law)
measured above T, . After subtracting the background
magnetization, M, involves contributions only from sur-
face pinning. The magnetization due solely to the surface
barriers in the geld incr-easing branch, labeled M&„, (Md,
in the field-decreasing branch), can be evaluated with M, .
For the strong limit of the surface barrier, one has
Md, =0 so that M, only involves M;„,. For the weak lim-

fore we find

M, (H )
—M, (H) ~ M;„,(H ) ~ M, (H ) . (4)

2

As discussed in more detail in our earlier work and
references therein, the opposing forces on a vortex near
the surface make this region energetically unfavorable.
Consequently the near surface is vortex-free for a depth
xf. Having defined M;„,within these bounds, we are able
to calculate xf and J„the density of the persistent
current flowing in the region. For a cylindrical sample
with radius of R, we have

4aM;„,= f r XJdu=-
f f r du= H+B 1——

R xf (jr

2m).B[R sinh(xf /A, )+A,(1 H /B )—]+
r 2

=(B H) 1+2 —— +
R

where B is the vortex density at the boundary of the
vortex-free region located at r ~ R —xf, A, is the penetra-
tion depth (a bplane), -h(r ) =B cosh[(xf + r —R )/A. ] and
V is the volume per unit length of the cylindrical sample.
The relations" ' xf =A. cosh '(H /B ) and
I, =(4n /c )Vxh(r ) have been used in the above calcula-
tions. In our case, R —5 pm and A, =0. 1 pm, so we
neglect the term -(A./R ) . Therefore we obtain

B(r=R —xf ) =H+4nM;„, . .

With values of 8, calculations of xf and J, are straight-
forward.

To proceed, however, we need the equilibrium magne-
tization to evaluate the lower bound in Eq. (4). Hence,
Fig. 5 shows the equilibrium magnetization of sample 03
measured in the reversible region, plotted versus
1 —(T/T*) with T"=127 K. Over a wide range of tem-
perature, the reversible magnetization depends linearly
on ( T/T* ), similar to results for Hg-1212 reported by
Huang et a$. Assuming the relation applies at lower
temperatures, we obtain values of M,q by extrapolation,

0.0

-0.1—

-0.2

-0.5—

-0.6

-0.7-0.2 0.0 0.2 0.4
1 (TIT*)-0.6

I

0.8

FIGr. 5. Equilibrium magnetization M,q versus 1 —(T/T )

at H =20 kG for sample 03.

which are used for calculating the lower boundary of
M;„,via Eq. (4) (note that M, is small compared with
M„sothe results are relative insensitive to the details of
the extrapolation). Results for the upper and lower boun-
daries of xf /A, for sample A 3 at T=10, 20, 30, and 40 K
are plotted versus field in Fig. 6 and the inset, respective-
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ly; the dashed lines are smooth and empirical regression
curves. In this temperature region, A, is almost a constant,
so that xf monotonically decreases with increasing field
and temperature. For the field and temperature region
shown, the range of xf is 0.025K,,b ~xf ~0.25K,,b. An
earlier analysis of dc magnetization of Hg-1201 yielded
the value 0.12 pm for A, , the magnetic penetration depth
corresponding to currents flow in the Cu-0 plane. Subse-
quent ac response studies led the similar value for Hg-
1223, so we use value A. =0.12 pm for present calcula-
tions; this gives 3 nrn ~ xf ~ 30 nm.

Since xf is small, we can replaced the parabolic func-
tion of h(x ) in the vortex-free region with a linear func-

tion without losing much accuracy. Hence,
J, =c (H 8)l4—exf cM SIxf 'By substituting the
upper and lower boundaries with regression values of
M;„,(H) and xf (H ), we obtained the corresponding
values of J,(H ), which are plotted in Fig. 7 and the inset,
respectively. The upper and lower limits give similar
values for J, and xf mean they define these quantities
rather well. The most impressive feature found in Fig. 7
is the high magnitude of J, . At T=40 K, and H=45
ko, the lower boundary of J, is about 4. 5X10 A/crn .
Furthermore, J, is only weakly field dependent. Recal-
ling that the supercurrent flows in a vortex-free region,
we expect its reaction to the applied field to be similar to
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the screening current in the Meissner state rather than a
Bean-like critical state; in the critical state, the critical
current results from the balance between the Lorentz
driving force and the pinning force on vortex bundles,
while the former case has no vortices near the surface.
Finally we note in Fig. 7 that the curves at different tem-
peratures are separated approximately equally at the rate
of —1 MA/cm K indicating a roughly linear dependence
of J, on temperature over the entire field range.

An interesting point was raised recently by Indenbom
and co-workers in interpreting the asymmetric magneti-
zation curves in type-II superconductors, especially for
thin films in a perpendicular magnetic field. They indi-
cated that for a Aat thin sample in a perpendicular field,
the very large demagnetization factor means that the field
at the sample edge becomes very large and decreases
sharply near the sample surface. ' This is rather similar
to the exponential decay caused by a surface barrier.
Comparing numerical studies with direct magneto-
optical observations, they found that decreasing the ap-
plied field does not produce immediate decreasing of cap-
tured Aux. In other words, the changing of the Aux den-
sity inside the sample is delayed, which makes the magne-
tization in the return path close to zero. They ca11 this a
barrierlike effect, to distinguish it from the Bean-
Livingston surface-barrier effect. However, in our case,
the samples are polycrystalline with either a cylindrical
shape (02 and 03) or irregular shapes with nearly an
equal size for length, width, and thickness ( A 2 and A 3);
this geometry is rather different from the situation in
their studies. Furthermore, with a large applied field, the
magnetization from intergrain currents is very small,
which makes the geometrical barrier effect negligible.
Thus the observed magnetization originates primarily
from intragrain current as analyzed in preceding para-
graphs.

CONCLUSIONS

The Hg-based polycrystalline superconductors, in con-
trast to most other HTSC's to date, show striking effects
of surface barriers over wide ranges of temperature and
magnetic field. The inhuence of the surface barrier on
Aux pinning for grains is comparable to the effects of
neutron-irradiation-generated vortex pinning. The sur-
face current density J, is weakly field dependent but de-
clines linearly with the temperature. The high values of
J, in an ultrathin surface layer suggest the potential of
applications for the materials in the future.
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