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Magnetotransport behavior of polycrystalline YBa2Cu307. A possible role for surface barriers
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The magnetization as a function of external applied magnetic field M(H, „,) of polycrystalline

YBa2Cu307 (poly-YBCO) exhibits behavior that is more consistent with the geometrical barrier model of
Zeldov et al. than that of either the Bean-Livingston surface-barrier model or the Bean critical state strong-

pinning model. Correlation of the magnetization measurements with transport measurements suggests that the

irreversible properties of poly-YBCO, including the critical current density J, , are dominated by surface-
barrier effects. Observation of an increasing of J, with 0,„,at intermediate fields is consistent with a theoreti-

cal model that describes the transport behavior in the case of vortex lattice formation within the superconduct-

ing grains that form the Josephson junctions.

Recently, there have been numerous reports describing
evidence of surface barriers in high-temperature
superconductors. ' While surface barriers may be present un-
der strong flux-pinning conditions, surface-barrier behavior
is usually only evident in regimes where Aux pinning is
weak. For both bulk and powdered polycrystalline-
YB2Cu307 (poly-YBCO), the magnetization as a function of
externally-applied magnetic field M(H, „,) exhibits a behav-
ior that is more consistent with either the Bean-Livingston
(BL) or geometrical surface-barrier models than it is with
the Bean critical state model. While poly-YBCO has a com-
plex microstructure consisting of crystalline grains, grain
boundaries, and voids, it is quite possible that the individual
crystallites in well-annealed fully-oxygenated poly- YBCO
are actually low-defect-density crystals. Thus the irreversible
properties of poly- YBCO, including the magnitude of the
critical current density J, , may be dominated by surface-
barrier effects rather than by strong pinning at defects. In
addition to the M(H, „,) behavior, the anomalous increase of
J, with external applied field H,„„, that is observed at inter-
mediate fields, is consistent with weak pinning and the for-
mation of an ordered vortex lattice inside the individual
grains.

The simplest description of granular superconductors con-
siders the material to be an ensemble of superconducting
grains connected by weak links. Within this description the
critical current I, of the whole structure is determined by the
Josephson currents Rowing between the grains. The grain
boundaries in poly-YBCO, as well as in the other polycrys-
talline CuO-based high-temperature superconducting materi-
als, behave like superconducting weak links. This has been
demonstrated in many studies of individual grain boundaries
in which a variety of variables were controlled. ' Many
other studies of polycrystalline materials support this
conclusion. '

When a small external magnetic field H,„, (i.e.,
H,„,(&H J, the field of initial intragranular penetration) is
applied to a granular superconductor, the magnetic field pen-
etrates into both the intergranular regions of the material and

the surface of each grain. The resulting surface layer in the
grains has an average thickness determined by the London
penetration depth X.z. Associated with this surface penetra-
tion is a shielding current jM [see Fig. 1(a)]. For a single
small Josephson junction of length I., the dependence of the
critical current on an external magnetic field I,(H,„,) is sim-

ply given by the familiar Fraunhofer dependence

where P,„,= 2h&LH, „,is the approximate total magnetic flux
threading the junction, I,(0) is the critical current in zero
applied field, and 9t o the flux quantum. In the polycrystalline
material, however, this simple situation for a single Joseph-
son junction must be modified to account for the complicated
connectivity of the granular structure. An important feature
of this granular structure is the broad distribution of grain
sizes, and therefore junction sizes, as well as the local critical
currents. This distribution results in different amounts of Aux
threading the numerous effective junctions, which leads to an
averaging out of the oscillatory contributions to the global
I,(H,„,) and a monotonic decrease of the critical current with

H,„,. In particular, using a grain-size distribution that is a
constant up to sizes of the order of Po/XIH, „„calculations
have shown that I,(H,„,) behaves approximately as
I,(H,„,)-1/H, „,. Thus prior to intragranular flux penetra-
tion into the grains, j~ is proportional to H,„, so that I, is
inversely proportional to jM .

For sufficiently large external magnetic fields

(H,„,)H~G) Abrikosov vortices will penetrate into the su-

perconducting grains. When the fiux pinning is strong, or the
system is at temperatures above a lattice-melting-type tran-
sition temperature T, the spatial distribution of these vor-
tices will be random. However, in the case of weak bulk
pinning at temperatures below T, the vortices can actually
form an ordered lattice. The penetration of vortices to form
an ordered lattice within the grains produces a current con-
tribution jAv that cancels a portion of the Meissner current

jM near the boundary between two grains [see Fig. 1(b)]. '
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FIG. 1. Schematic diagram showing the effects of an externally
applied magnetic field on a Josephson junction having a length L.
(a) At H,„,(H„G, the field penetrates the surface of the grains to a
depth XL, the London penetration depth, and a current jM is in-

duced at the surface of the junction. (b) For the case of weak pin-
ning at T(T (flux lattice melting transition) and H, t&H~G, flux

penetrates the grains to form an ordered lattice having a lattice
constant a. A current j Av is induced near the surface of the junction
which partially cancels jM. The distance of the lattice from the
junction surface, zo, affects the value of jAv. (c) For the case
H t)HpG and either T~ T or pinning is strong, flux penetrates
the grains to form a random distribution of vortices. The random
distribution does not produce an efficient cancellation of jM.

I,(H, ,) =I,(0)/$~Mo~+ uH, „,), (2)

In the case of random vortex arrangements, however, the
additional current contribution is distributed randomly result-

ing in little cancellation of j~ near the surface. Since I, is
inversely proportional to the total current near the junction
surface, a more effective cancellation of jM will allow a
higher critical current to flow between the grains (across the
junction). Thus the formation of an ordered lattice of vortices
can actually reverse the decrease of I, with H,„,and result in
an increase in I, . In contrast to this, for the case of a random
arrangement of vortices upon penetration, a decrease of I, is
expected.

In Ref. 6 the dependence of I, on H,„, for a Josephson
junction having a stationary (constrained) ordered lattice of
Abrikosov vortices with a particular geometrical arrange-
ment was calculated. The main results can be cast in the
form,

where MG is the total magnetization of a superconducting
grain and u= [zo —(a/2)]/Smh. l . Here a is the vortex lattice
parameter and zo is the distance from the nearest vortex line
to the junction surface [see Fig. 1(b)]. Thus the I,(H,„,) de-
pendence is expected to become weaker with the increasing
extent of Aux penetration. Furthermore, over a wide range of
magnetic fields the critical current can actually increase with

H,„, as observed in the experiments described below. This
behavior is in contrast to the case of strong bulk pinning
where the vortices penetrate the grains in a disordered fash-
ion. A previous study demonstrated that, for strong pinning,
one expects the critical current to behave like (H,„,)
(Ref. 14).

For these studies, a nearly randomly-oriented poly- YBCO
specimen was synthesized using standard ceramic prepara-
tion methods. ' The desired average grain size and density
was attained by using known temperature-time profiles for
environments in which the oxygen partial pressure was care-
fully controlled. The resulting material had a density of
about 81% of the theoretical value, a median grain size of 8
p,m, a superconducting transition temperature T,= 91 K, and
a transition width AT, of about 2 K was measured by ac
susceptibility at 2.5 MHz. The YBCO single crystal used for
comparative purposes had a T,= 93 K. It was grown from a
Y-Ba-Cu-0 melt using a technique described elsewhere a
thermomechanical process was used to remove the twin
boundaries. '

The externally applied field dependence of the bulk mag-
netization M(H, „,) was measured using a Quantum Design
superconducting quantum interference device magnetometer
after cooling the specimen in zero field. A standard four-
point probe technique was used to measure the electric
field as a function of current density E(J) at various fields
and temperatures. A 1.7X10 V/cm E-field criterion was
used to determine J, from the E(J) curves, however, only
E(J) curves with negative curvature were considered suit-
able for this determination.

The shape of the M(H, „,) loop in Fig. 2 more closely
resembles the M(H, „,) curve for a system exhibiting surface
barrier (i.e., BL or geometrical) behavior ' than one exhib-
iting Bean critical-state behavior. For poly- YBCO, Bean-
like M(H) loops have been observed at low temperatures
and also for neutron irradiated material. However, the
present poly- YBCO specimen shows only barrierlike
M(H, „,) behavior down to the lowest temperature studied
(T= 10 K). As a comparison, the M(H„,) behavior for a
detwinned YBCO single crystal is shown in Fig. 3. For both
the poly-YBCO specimen and the single crystal, the ob-
served behavior is most consistent with the geometrical be-
havior model: on decreasing the magnetic field, M is finite
over a wide range of fields. In this model, first flux penetra-
tion into the grains occurs initially at
H&G= 4rrH, i(w/d) ~, where H, i is the lower critical field,
w is the width, and d is the thickness of the crystal in a plane
perpendicular to the direction of the applied field. In addi-
tion, as H,„, is decreased from above HzG, the surface-
barrier model predicts that M =4', &

. This result is in con-
trast to that predicted by the BL barrier model where M is
expected to vanish over a wide range when H,„, decreases
from above H~G.
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The M(H, „,) behavior of the poly-YBCO specimen is
also consistent with the behavior expected for a granular
superconductor. At small magnetic fields, O~H, „,~8 Oe,
the sample exhibits complete shielding of the bulk suggest-
ing that the magnetic field only penetrates a distance X. , the
penetration depth, near the surface of the bulk sample (re-
gion I). When the field increases to values within the range 8
Oe~H, „,~ 150 Oe, the magnetic field penetrates between the
grains but Abrikosov vortices are not present inside the
grains (region II). A further increase of the external field

(Hp )xiHprj!) leads to the creation of vortices inside the
grains. At sufficiently high fields (H,„,)H;„), the total
magnetization decreases. The slope y; of the M(H, „,) in re-
gions I (y,) and II (y») can be described by

FIG. 2. Magnetization as a function of external applied field

of
M H,„, open circles) and transport measurement determinatio
o the critical current density J, as a function of applied magnetic
fiel J (Hexi) (filled circles) at T= 78 K. H~o identifies the point at
which flux begins to penetrate into the individual grains, while

H;„ identifies the coincident point where M begins to decrease and

J, actually begins to increase with H,„,. The inset shows a typical
case of J,(H,„,) measured at larger field values.

X»= —(I/47r)PI. I —(41tL, /I )j

where the parameter p characterizes the density of the mate-
rial (here, p=0.8). A value )i.L =6000 4 can be determined
using the value y»= —0.0446 emu/cm Oe determined from
Fig. 2 and the mean grain size I.=8 p, m. This value for XL
falls between the upper and lower limits (X,b-2000 A. and
Ii.,-11000 A) at T=78 K previously reported for the vari-
ous crystallographic orientations of YBCO

As seen in Fig. 2, a plateau in M(H, „,) is observed when
the external magnetic field is reduced. A nearly constant
value of the total magnetization is observed over the range
200 Oe&H, „,&500 Oe when the field is reduced from
H,„,= 600 Oe. Measurements extending to higher fields
show that a plateau is reached after decreasing the field by
about 100 Oe. A similar plateau is observed for the de-
twinned single crystal; however, the curvature immediately
after field reduction is quite different from that of the poly-
YBCO specimen, with a plateau reached after a field reduc-
tion of only a few Oe. This behavior for the poly-YBCO
specimen is consistent with the case of a surface barrier at
the grain boundary and no (or very weak) bulk pinning in-
side the grains. For a BL surface barrier, the vortices initially
remain in the grains after the field is reduced if a surface
barrier is present. However, after a sufficient reduction of the
field, the BL barrier will vanish and vortices will leave the
sample; the magnetization will then decrease to zero. One
possible explanation for the nonzero M value evident in Fig.
2 is that there is a difference between the external field and
the actual distribution of the magnetic field between the
grains that results from the residual magnetization of the Jo-
sephson media. Another explanation is that each grain be-
haves like a distinct system exhibiting geometrical barrier
behavior. The latter explanation is supported by comparative
measurements that show there is little difference between the
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FIG. 3.. 3. Magnetization as a function of external applied field

M(H, „,) for a detwinned single crystal of YBCO at T=78 K. The
observed behavior is more consistent with that of the geometrical
barrier model than either the Bean-Livingston surface-barrier model
or the Bean critical state model of strong fiux pinning.

FIG. 4. A plot of J,IMI as a function of J,H,„, for fields above
H |200( Oe(H, „,~460 Oe). The small slope value
n= —2.6X 10 suggests that z0 —a/2&~a and that grains which
contribute most strongly to the observed transport J, have a nearly-
ideal vortex-lattice positioning across connected grains. The inset
shows that J -1/~1/H, „, prior to Aux penetration into the grains.

~ % ~ ~
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M(H, „,) curves of bulk and powdered poly-YBCO speci-
mens except at low H,„,values.

The specific dependence of I,(H,„,) can be correlated
quantitatively with the M(H„,) behavior using Eq. (2),
which describes the I, behavior in the case of no bulk pin-
ning. At small magnetic fields H,„,~H~G, Abrikosov vorti-
ces do not penetrate into the grains and Aux compression is
very large outside of the grains. The critical current is then
determined by the Josephson current between adjacent grains
and has the approximate dependence I,—=H,„,'. This depen-
dence is consistent with the results of Fig. 2 as plotted in the
form shown in the inset of Fig. 4. When Abrikosov vortices
penetrate into the grains at H,„,=H~~, the critical current
density J, becomes more weakly dependent on H,„„asalso
seen in Fig. 2. For a Josephson junction with an ordered
array of vortices, I, is given by Eq. (2). Figure 4 is a plot of
J,~M

~

as a function of J,H,„, for fields above H~G (200 Oe
(H,„,(460 Oe). The fit (dashed line) is done assuming a
constant value for the slope cr in Eq. (2). The value
u= —2.6X10 is rather small implying that zo —a/2 (a«.

This is consistent with an ideal positioning of parallel vortex
lines across the junction barriers (i.e., zo-a/2). This sug-
gests that it is grains of this kind which contribute most

strongly to the observed transport J, . This symmetric con-
figuration is also consistent with a large suppression of the
currents near the surface (j~) and can account for the ob-
served increase in J, at intermediate fields.

In summary, the shape of the M(H, „,) for poly-YBCO,
both bulk and powdered, is very similar to that of a high-
quality detwinned single crystal of YBCO. This shape is
characteristic of surface barrier rather than strong pinning
behavior, with the nonzero M, observed on reduction of
H,„, in all cases, being more consistent with the geometrical
surface-barrier model. The upturn in J, observed at interme-
diate H,„, is consistent with the formation of an ordered lat-
tice within the individual grains which requires very weak
pinning to exist within the grains. These results suggest that
the irreversibility and resulting J, of poly-YBCO is due to
surface-barrier effects rather than bulk pinning at defects.
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