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Surface barrier and lower critical field in YBa2cu3Q7 8 superconductors
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The fields for first vortex entry and last vortex exit, Hi and H2, and the lower critical Beld H, i
for a grain-aligned, sintered YBa2Cu307 g superconductor have been determined from saturated
magnetic-hysteresis loops using an extended critical-state model. For Belds oriented along the grain c
axis, Hi increases with decreasing temperature, showing an upturn below 50 K, whereas Hq remains
small and positive, in general agreement with the theory of Bean-Livingston surface barriers. Hci has
a Bardeen-Cooper-Schrie8'er temperature dependence above 50 K, but it rises at low temperatures.
For fields oriented in the ab plane, H i has a similar temperature dependence, but surface barriers
are not evident in the magnetization.

I. I OWER CRITICAL FIELD AND SURFACE
BARRIERS

The lower critical field H ~ of high-critical-temperature
(high-T, ) superconductors is an intrinsic parameter re-
lated to the mechanism for superconductivity. Measured
values of the magnetic penetration depth A(T) gener-
ally follow the temperature dependence expected &om
Bardeen-Cooper-Schrieffer (BCS) theory. This should
lead to saturation in H q when T ( T,/2. For exam-
ple, Wu and Sridhar determined H, z of YBa2Cu307
(YBCO) monocrystals from rf measurements of A(T, H)
and obtained a BCS-like temperature dependence. How-
ever, magnetic measurements of H, q (T) consistently
show an upturn below T,/2. 4 s Such non-BCS behav-
ior has been attributed to measurement error due to de-
magnetizing effects and volume flux. pinning, which cause
uncertainties in field values and round ofF the initial mag-
netization curve; ' enhanced proximity-effect coupling
between superconducting and normal atomic layers at
low temperature; ' and the presence of surface barri-
ers, which increase the field for first vortex entry Hi to
above H

If the surface-barrier efFect becomes strong at low tem-
peratures, an upturn in Hq(T), which does not necessar-
ily reflect the actual behavior of H i, may occur. With
this in mind, McElfresh et al. incorporated a surface
barrier in the critical-state model for magnetization.
They analyzed remanent magnetization M„as a function
of maximum applied field to see whether surface barriers
affected the H i determinations. Their results did not
show such an influence and, therefore, surface barriers
were apparently unable to explain the upturn in H i at
low temperatures. Burlachkov et al. assumed the exis-
tence of a large surface barrier in an untwinned YBCO

monocrystal at low temperatures. They postulated that
fIux penetration in such samples occurred through gates,
where the barrier is suppressed by surface defects. They
used locally semicylindrical penetrated-flux boundaries,
rather than planar boundaries, and the Bean critical-
state model. The magnetization deviation from linear-
ity, bM, is usually proportional to (H —H, ~) . How-
ever, with curved flux boundaries, bM was calculated to
be proportional to (H —H, q) . An extrapolation gave
low-temperature H, q(T) smaller than Hj (T). These ex-
trapolated values gave a smooth BCS-like curve when
combined with direct high-temperature measurements of
Hg(T).

As summarized by Meilikhov and Shapiro, the de-
termination of H, q(T) in the presence of surface barri-
ers remains to be explained. In this work, we study the
effects of surface barriers and thermal-equilibrium mag-
netization M q on the saturated magnetization curves of
polycrystalline YBCO, rather than on the initial curve
or remanent magnetization. Compared to the large de-
magnetizing fields in platelike monocrystals, overall de-
magnetizing effects are minimized by small grains in a
sufIiciently long sintered sample, and the magnetic irre-
versibility due to volume pinning is much smaller. Fits
to the hysteresis loops using an extended critical-state
model ' give values for the fields of first vortex entry
and last vortex exit, Hi and H2, and the lower criti-
cal field H i. We conclude that, even if surface barriers
and volume pinning are considered, there is a rise in H ~

at low temperatures. The rise may be intrinsically con-
nected to the upturn in H~ through the Bean-Livingston
(BL) theory of surface barriersz~ and the phenomenologi-
cal Ginzburg-Landau (GL) theory for type-II supercon-
ductors; it could reflect an increase in the GL parameter
v. at low temperatures.

In research on conventional superconductors, the sur-
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face barrier was first explained by Bean and Livingston
in terms of a surface-image force. For increasing ap-
plied field H, for a perfect surface at 0 K, flux may not
be able to enter until a field Hi H, /~2, where H is
the thermodynamic critical field. For decreasing H, the
barrier to vortex exit does not disappear completely until
H = H2 ——0. The effect should be weakened by increas-
ing temperature since vortices overcoming the barrier is
a thermally activated process. After the first vortex en-
try, the barrier diminishes quickly with further increase of
the applied field. Experimental observation of the effect
of the BL surface barrier in conventional type-II super-
conductors requires smooth sample surfaces. In high-T
superconductors, however, K is on the order of 10 . This
causes H, to be greater than H, i by a factor of the same
order. (Likewise, H, )) Hi. ) Hence, the surface barrier
may become prominent even for small grains without ar-
tificially prepared smooth surfaces. For crystals with
finite dimensions, demagnetizing effects and surface ir-
regularities will reduce the barriers.

II. EXPERIMENT AND DATA

A grain-aligned, sintered YBCO sample was used for
this study. Its dimensions were 3.1 x 4.8 x 4.8 mm, with
one long dimension parallel to the c axis and the other
parallel to the ab planes of the grains. The sample den-
sity was 4.8 g/cm, and the grains were platelet shaped
with average dimensions of 5 pm in the c axis and 20
pm in the a and b axes. Initial and descending magne-
tization curves for fields along the c axis and ab plane
were measured at several temperatures after zero-field
cooling. A commercial 5.5-T superconducting-quantum-
interference-device-based magnetometer was used with a
4-cm scan length, corresponding to a field variation of
0.19/0. The data were adjusted using a bulk demagnetiz-
ing factor of 0.24, deduced from low-field ac susceptibility
measurements.

Several M(H) curves for fields along the e axis mea-
sured at different temperatures are shown in Figs. 1(a)
and 1(b). For each curve, besides a shoulder around

H = 0 due to intergranular supercurrents, two com-
mon features can be visualized (if one completes the
loop by adding a symmetric ascending curve): (1) The
left and right portions of the loop are sheared verti-
cally; (2) the maximum loop width AM is located on
either side of zero field. (This behavior is general for
sintered YBCO superconductors. ) Compared with the
usual critical-state loops, the former indicates nonzero
H, i and M,„, whereas the latter reflects the effect of
surface barriers. These two extra contributions, to-
gether with the volume supercurrents, require the use of
an extended critical-state model for describing magnetic
properties.

III. EXTENDED CRITICAL-STATE MODEL FITS

The measured descending M(H) curves were fitted
with the extended critical-state model introduced in
Ref. 16, in which the local field-dependent volume crit-
ical current density was assumed to be exponential,
J,(H;) = J,(0) exp( —~H; ~/Ho), where H; is the local in-
ternal field and J,(0) and Ho are temperature-dependent
constants. The segments for ~H~ ) Hi and ~H~ ) H2 of
the surface-barrier-modified thermal-equilibrium magne-
tization curve M, (H) were simplified to be also exponen-
tial. By adjusting a field constant H4, strong (small H4)
or weak (large H4) field dependence of M, within the
exponential segments can be obtained.

An example of the fitting results is given in Fig. 2(a)
for the 50-K loop. The solid line is the low-field fitting
curve from which Hi and H2 are determined; the dashed
line is the high-field fitting curve &om which H i is ob-
tained. The M, (H) curve deduced from the low-field fit
is shown in Fig. 2(b), where the three fields are identified.

A. Uniqueness of Bts

The details of the fitting procedure are described in
Ref. 16. The following approach makes the results
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FIG. 1. Magnetization curves at several temperatures for grain-aligned, sintered YBa&Cu307 & for applied field along the
e axis: (a) 5—35 K, (b) 65—86 K.
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C. Negligible surface barriers in the ab plane

The M(H) curves measured along the ab plane are dif-
ferent, and there is no systematic evidence of surface bar-
riers. This is unusual considering that it is the orientation
for which a surface barrier would be most expected, with
the field parallel to the largest grain surface. Moreover, a
theoretical treatment based on anisotropic London the-
ory concluded that the Geld of surface-barrier disappear-
ance, that is, H~, should be almost the same along the c
axis and ab plane. ' Our H, ~ are obtained by high-field
fits with an error of about 1 kA/m. They are plotted in
Fig. 3(b) and have values smaller than H, i along the c
axis by a factor of about 3.5.

IV. COMPARISON WITH GINZBURG-LANDAU
THEORY

Since H q along the c axis was determined with higher
precision, we focus on its analysis. Our value of H, i(0 K)
is half as large as that determined by Wu and Sridhar.
Furthermore, our entire H, i(T) curve cannot be fitted
by a simplified BCS clean-limit relation H, q cx A . A
partial Gt using the analysis given in Ref. 28 at high
temperatures shown in Fig. 3(b) leads to an energy gap
2A(0) = 3.6kT„where k is Boltzmann's constant. Below
50 K, the data points are above the fitting curve.

To evaluate our H ~ results, we compare them with GL
theory. The London-model formulas for anisotropic H ~

may be written as

H 1, 2 ~

ln +050c.
47rypA2b k V'm.

Cp ( r
H.i, b=

4vrppA bA, ( gm b

where A is the penetration depth, v is the GL parameter,
and m is the anisotropic efFective mass. The numerical
evaluation of the constant 0.50 (for isotropic materials)
is due to Hu. For H i, subscripts c and ab denote the
direction of the field; for A and m, they denote the direc-
tion of the current. Since the properties along the a and
b axes are similar, we use their geometric average, sym-
bolized by ab. Typical values for YBCO superconduc-
tors, as summarized in Ref. 29, are A b(0 K) = 0.14 pm,
A, /A b = 5, m b = 0.34, and m, = 8.8. In the Lawrence-
Doniach model for Josephson-coupled layered supercon-
ductors, applicable at low temperatures and for H par-
allel to the ab plane, the coherence length („implicit in
r in Eq. (2), is replaced by the stacking periodicity. si

Substituting our value H, i,(5 K) = 33 kA/m in Eq.
(1), we get r = 250, in good agreement with the gener-
ally accepted value 10 . In contrast, if we substitute the
H, i(0 K) values given by Wu and Sridhar2 in Eqs. (1)
and (2), we obtain contradictory and unphysical values
of r, : 5 x 104 from Eq. (1) and 10 from Eq. (2).

Thus, although they demonstrated a consistency between
A and H, z based on BCS theory, their results are incon-
sistent with Eqs. (1) and (2). Their use of A b with the
isotropic GL formula for H i is not justified.

The BC S temperature dependence of H ~ implies
temperature-independent K, m, and m g. If the aniso-
tropy is independent of temperature, we obtain, from
H, i(0 K) = 20.5 kA/m in our BCS fit, r = 38 for
T & 50 K. Therefore, the two-stage H, i(T) could be un-
derstood in terms of a temperature-dependent r, which
equals 38 above 50 K but increases to 250 as T ~ 0.
Calculation of H, i b(T) using the K obtained from the
H, i, (T) data and Eq. (2) gives results consistent with
the experimental data, as seen from Fig. 3(b). Thus,
the anisotropic H, i(T) we obtain is consistent with
anisotropic GL theory if a temperature-dependent v is
assumed. However, our value of K = 38 is smaller
than values deduced from high-temperature, high-field
M,q(H) measurements by ourselves and by others. sz A
large change in K with temperature is not expected from
BCS theory.

We next examine our Hi(T) curve. According to BL
theory, H~ should be proportional to H if thermal acti-
vation is negligible, as explained in Sec. I. This condition
is satisfied for our sample, since there is no observable
relaxation below Hq on the initial curve. Therefore, the
upturn in Hi(T) should be a consequence of the same
behavior in H, (T).

Equation (1) can be rewritten in terms of H, as

H...= '~ ln +0.50 ~.
H, gm, ( r.

gm. )
(3)

V. CONCLUSION

In summary, we measured hysteresis loops of a grain-
aligned YBCO sample along both the c axis and ab plane
as functions of temperature. Demagnetizing efFects were
much smaller than those typically obtained in platelike
monocrystals. The data were Gtted with an extended.
critical-state model, which gives H, i(T) and the fields for
first vortex entry and last vortex exit, Hi (T) and H2(T).
Hi(T) along the c axis is in good agreement with values
of Gelds identified by others as H ~ in monocrystals and is

We see from Eq. (3) that H, should be roughly pro-
portional to r at low temperatures since H q and the
factor in parentheses are almost constant. Therefore, a
low-temperature increase in ~ would imply a similar rise
in H and Hi. However, the H, (T) values calculated
from our v(T) and H,i, (T) using Eq. (3) are too small
to explain the observed BL surface barrier; H (T) is only
about 4 times the experimental Hi(T) values instead of
H, (T) )) Hi(T). Thus, the magnetic behavior of YBCO
is not perfectly consistent with GL theory. One could
argue that v is both temperature and field dependent,
increasing with field between H q and actual H„but
that is beyond the purpose of this paper.
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qualitatively consistent with BL theory. Surface barriers
in the ab plane were negligible.

Unlike some published results, our H, q(T) function
does not follow BCS theory for T ( T /2, even when
surface barriers are considered. However, both H, q (T)
and H, q s(T) agree well with GL theory as expressed by
Eqs. (I) and (2) if K is assumed to change from 38 above
50 K to 250 as T ~ 0.
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