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A phenomenological model has been developed for interpreting the magnetic properties of hard

type-II superconductors.

By means of a volume and a surface supercurrent density, this model

considers the effects of the bulk flux pinning, the thermal equilibrium magnetization, and the surface
barrier. Based on this model, several difficult problems concerning the explanation of the hysteresis
loop and susceptibility data of high-T. superconducting grains are solved. Our work demonstrates
the presence of a surface-barrier effect in high-T, superconductors. Accordingly, some past work on
Hc, and J. determination and ac loss mechanisms should be reinterpreted.

Recently, Lam et al.! reported results of complex per-
meability p = p’ —jpu” as a function of ac field amplitude
H,, for a sintered YBaCu3O7 (Y 1:2:3) sample in a wide
field range covering two p” peaks. The first (low-field)
peak is due to the intergranular supercurrents and the
second one to the supercurrents inside the grains. They
used a field-dependent critical-state model to simulate
the second peak, and found that the predicted p”” had to
be reduced by a factor of 3 to better compare the shape of
the data. Even so, the theoretical u” peak was sharper,
and the corresponding p’ curve was shifted to the low-
field side of the data by 30%. They remarked that this
was a problem too complex to treat. Similar problems
have been found and discussed in terms of complex sus-
ceptibility and induced emf wave form by other authors
without a proper solution.?2~% On the other hand, it is
well known that at temperatures not too low the high-
field hysteresis loops of sintered high-T, superconductors
have a tilted Z shape.® The explanation of such a loop
shape has also been thought to be a difficult task. In
this paper we will argue that all the above phenomena
originate from the presence of thermal equilibrium mag-
netization and a surface barrier in the high-T, supercon-
ducting grains. We also present a model by which the
difficulties mentioned above can be solved.

Figure 1(a) shows some hysteresis loops of a Y 1:2:3
sample (S1) measured with a vibrating sample magne-
tometer at 76 K. We see that the high-H,, loops have
a tilted Z shape with maximum width AM at the two
bending positions. This loop shape cannot be predicted
by the critical-state model with any realistic internal-
field-dependent critical-current density J.(H;).”~°

In the critical-state loops, the magnetization M is due
to the penetrated volume supercurrents induced by the
applied field H. If H,, is large enough, the middle sec-
tion for either the ascending or the descending branch
corresponds to the full penetration state in which the su-
percurrents circulate in the same direction. Thus, for a
given H the M values on the two branches should be
close to each other with opposite signs, resulting in a
loop almost symmetric with respect to the H axis. This
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means that for the critical-state loop, the middle line
between the two branches roughly collapses with the H
axis, and the Z-shaped experimental loop cannot be ex-
plained by the volume supercurrents. This middle line
can be regarded as the reversible component of the loop.
Obviously, the reversible Z-shaped middle line is due to
the thermal equilibrium magnetization curve Meq(H) of
the type-II superconductor, which has a 180-degree rota-
tion symmetry containing a linear interval between —H,;
and H.;.%
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FIG. 1. (a) High-field dc hysteresis loops at 76 K for a Y

1:2:3 sample (S1); (b) their model fit for higher H,,.
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Since the local J. decreases with increasing |H;|, the
spatially averaged J, decreases with increasing |H|, and
so does AM for the critical-state loop. The two observed
AM maxima around =+ H.; suggest that there is an addi-
tional loss mechanism which has a large function around
+H.,. It is well known from conventional type-II super-
conductor research that the ac loss mechanism for vol-
ume supercurrents is vortex depinning from the defects,
which is expressed phenomenologically by the critical-
state model.}%1! The vortices can also be pinned on the
sample surface, and this surface pinning makes the flux
enter the sample at H > H.; and exit at H < H.,. Thus,
some ac losses arise even without defects serving as inter-
nal pinning centers. In other words, there is a potential
barrier at the surface (surface barrier) which requires ex-
tra field increments A He,, and A Hex for the flux entering
and exiting the sample.1%13

Clem!2 discussed the above two extra factors theoret-
ically, and together with the volume supercurrents he
made a critical-state theory for type-II superconductors.
He described J., AH,,, and AH., as decreasing func-
tions of B, the local averaged flux density. However, no
hysteresis loops were calculated using this theory, so no
comparison was made between theoretical loops and ex-
perimental data. LeBlanc!* calculated some simple loops
assuming both J, and AH(= AHeyn = AHey) to be con-
stant. His results illustrate some concepts, but it is al-
most impossible to use them for comparison with exper-
imental data.

Hence, in order to understand the relation between
the experimental loops and their three origins, we have
to make a model including several parameters sufficient
to display the effects of these origins. Following Fietz et
al. '3 who have treated the critical-state model together
with the equilibrium magnetization, and Dunn et al,'¢
whose calculation considered all three factors with a con-
stant AH and a constant Mcq above H.1, the main points
of our treatment® are described as follows.

An infinitely long cylinder of a hard type-II supercon-
ductor is modeled as a core surrounded by a tube of
thickness A, the London penetration depth. The pene-
trated volume supercurrents, with a density equal to the
critical-current density J. (A/m?), flow in the core, while
the surface current with a density j, (A/m, for unit longi-
tudinal length) flows in an infinitely thin sheath, which is
in the tube and adjacent to its inner boundary. When H
is cycling between H,, and —H,,, the j; versus H curve
forms a hysteresis loop, reflecting the thermal equilib-
rium magnetization and the surface barrier effect. From
the definition of j,, we have
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He = H + Js, (2)

where M, is the magnetization in the core contributed by
js and H, is the boundary field of the core. The j,(H)
loop has a 180-degree rotation symmetry. For H > 0,
the ascending j, versus H curve has a linear section with
a slope of —1 from the zero point to a field H; larger
than H.;, while the descending curve from a high H,,
collapses with this section after H is less than a field H,
which is smaller than H.,. That H; > H, is due to the
presence of the surface barrier. For simplicity we assume
that the extra field increments for flux entry and exit are
equal, so that

AHy = (Hy — H3)/2, (3)

H. = (Hy+ H2)/2, (4)

where AHy is AH at B ~ 0. The other sections of the
Jjs(H) loop are assumed to be of exponential type.°

The magnetization M (H) for the core is calculated as
the sum of the volume current and the surface current
contributions, M, and M,:

M(H):Mc(He(H))+Ms(H)~ (5)

In the calculation of M., an exponential J.(H;) function
is used:®

Je(Hy) = Je(0)exp(—|Hi|/ Ho); (6)

the boundary field i1s taken to be H.. An important pa-
rameter here is the full penetration field H,, character-
izing the total circulating volume supercurrent when the
core is just fully penetrated from the initial state.

The total M(H) for the cylinder is less than the one
calculated from Eq. (5) by a factor equal to the volume
ratio of the core to the whole cylinder. The same thing
has to be done when applying the model to the grains in
a sintered sample; the effective grain volume fraction g,
less than 1, is the factor in this case.*

Performing the above treatment we fit the loops given
in Fig. 1(a). The results are shown in Fig. 1(b). Some
fitting parameters are listed in Table I. The average grain
radius a, = 3.5 pm.®

A good agreement can be seen from the experimental
and the model-fitting loops. This confirms the presence
of a surface barrier effect for the high-T, superconducting
grains and shows the importance of the consideration of
all three determining factors. Similar results have been
obtained for several other samples, some of which have
much smaller Hp, so that the surface barrier has a dom-
inant effect on the ac losses.

We next treat the high-field x”' based on the same idea.

Js = M, (1)  For practical reasons, we use a slightly simplified model,
TABLE I. The fitting parameters for S1 and S2.
Sample H. (kA/m) AHo (kA/m) H, (kA/m) M, (kA/m) g f
S1 14.5 3.5 19 1.3% 0.20
S2 9.46 2.68 1.566 0.66 0.153

# Calculated from the fitting parameters.
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where the loop is approximated by closed linear sections
as shown in Fig. 2(a).!” As a result, the following equa-
tion can be used satisfactorily for a field region around
the x" peak:

x"(Hn) = AH;2+ BH;' 4+ C, (7

where A, B, and C are constants. They are related to
H,, Ha, M, (the remanence of the loop), g (= tana),
and another quantity f (= tanf), characterizing the field
dependence of AH and J., by

A={(f+9)(H? - H})+(1+ f/9)fH"?
=2(1+ f/9)(f +9)H1 — gH> + 2M,)H"}/,

(8)

B =201+ f/9)[(f +9)H1 — gH> + 2M,]/m, 9)

C=-1+f/9)f/m, (10)
where

H* = Hi +2M,/(f + 9). (11)

In Fig. 2(b) we redraw the data for the sintered Y 1:2:3
in Ref. 1 in terms of susceptibility.!” The fit using Eq. (7)
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FIG. 2. (a) A simplified high-H,, model loop; (b) the

measured x"(H;) curve at 77 K for a Y 1:2:3 sample (S2)

and the model result. The second peak is fitted by using

Eq. (7). (The first intergranular peak is fitted by the expo-

nential critical-state model. The rising side of the second peak
is modeled by a modified Rayleigh-law dependence.)
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for the second x” peak is also given, showing a good
agreement. From the fitting parameters A, B, and C,
together with the value of x’ corresponding to the x// .., a
set of final model parameters are unambigously obtained
using Egs. (8)—(11); they are listed in Table I. The loop
shown in Fig. 2(a) corresponds to these parameters. We
note here that the H,, for the second xJ ., is 19 kA/m,
and the average grain radius a; = 10 pm, according to
Ref. 1.

Thus, the main part of the x”(H,,) and x'(H,,) curves
has been successfully interpreted by the model loops.
The main consequences of this model are Hp,(xi.y) is
determined not only by J. but also by H.; and AHp; it
increases with increasing H.; and AHy. For xI/ ., thereis
another influencing factor g; the value of x/ ., increases
with increasing AHy, J., and g.

We now check the validity of our model by comparing
two ways to calculate the average intragranular critical-
current density (J.;). The formulas are*”

(Jeg) = Hp/ay, (12)
(Jeg) = 3M;/ayg. (13)

Using the fitting parameters of S1 given in Table I and
its ag, we obtain (J.,) = 5400 MA/m? from Eq. (12) and
5600 MA /m? from Eq. (13). The two values are similar,
showing the self-consistency of the model. In practice, we
can use Eq. (13) to determine (J,), since all the values
in this formula are easy to obtain even without a detailed
model fit.

From susceptibility measurements, the conventional
way to determine (J.,) is based on

(JCQ) = Hm(X:-:mx)/ag- (14)

This gives (Je) = 1900 MA/m? for S2. With the re-
sults of our model fit, the value of (J¢,) calculated using
Eq. (13) is 710 MA/m?. The correct value should be the
latter, for the following reason. The x”(Hm) curve can-
not be fitted by the critical-state model which is the basis
of Eq. (14), while our model fits well the data so Eq. (13)
is valid. Actually, if we let M, = 0 and keep the other fit-
ting parameters the same, the (J ;) will be 2000 MA /m?
from the resultant H,,(xi.x) using Eq. (14). In other
words, Hp(Xmax) and (Jeg) calculated from Eq. (14)
increase with decreasing J 4, and this has obviously no
physical meaning.

By comparing the hysteresis loop and the modeling
loop, our work has detected the presence of a surface bar-
rier in high-T, superconducting grains. From the loop fit
of a grain aligned Y 1:2:3 sample, we found AH to be
anisotropic; it is only present when the field is along the
¢ axis. Moreover, there are some published data which
imply that it is not always present in all the high-T, su-
perconductors. Therefore, further study is needed on the
mechanism of such a surface barrier; it may be different
from that in conventional superconductors.!®

In conclusion, we have presented a model and used it
to interpret the high-field hysteresis loops and ac sus-
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ceptibility data of high-T, superconductors. This model
considers the effects of volume supercurrents, the ther-
mal equilibrium magnetization, and the surface barrier
for flux entry and exit. We see that all the difficult
problems mentioned earlier have been solved by appeal
to our model. An important quantity for the high-T,
grains is the intragranular (J.). Its correct determina-
tion should be made based on such a model. Since the
effect of the surface barrier was not considered in high-
T. superconductors, all previous determinations of H.;
for high-T, grains or crystals!® have actually been for
H, = H.,; + AHy. A separation of the contributions
from J., H., and AH is needed for the study of mag-
netic properties of high-T, superconducting grains. The
present model and related concepts provide a tool to do
this. Moreover, the model allows the study of the prop-
erties of the grains simultaneously with intergrain cou-
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pling, for a large number of sintered samples made from
different techniques. This is important since the intrin-
sic properties of the grains, which influence directly the
coupling, are sensitive to the sample preparation con-
ditions; they are different from those of single crystals,
which are grown and annealed under special conditions.
Nevertheless, our treatment is also valid in principle for
single crystals, although complicated demagnetizing ef-
fects have to be considered in this case.
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