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Meissner effect and critical fields in an inhomogeneous Ba;HoCu307 - ; high-T. superconductor
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The Meissner and diamagnetic shielding effects and the upper, lower, and thermodynamical
critical fields have been studied in a Ba;HoCu3O7- sample using magnetization measurements in

fields up to 55 kOe.

The diamagnetic shielding curve shows the existence of a transition at

T.=91.5 K followed by a broad transition extending from 85 to 25 K which may be related to in-
homogeneities in the oxygen content of the sample. A rather low flux expulsion (13.5%) is ob-
served which we attribute to flux pinning or trapping. We show that the coexistence of supercon-
ducting and nonsuperconducting regions within the sample at temperatures just below 7. leads to

strong reductions in the critical magnetic fields.

One of the more striking physical characteristics of the
new family of high-T. superconductors? is the prediction
of very high upper-critical fields H., (Refs. 3 and 4)
which make these materials very attractive for technologi-
cal applications. For instance, from measurements of the
upper-critical field slope at T,, and by using the standard
Werthamer-Helfand-Hohenberg  dirty-limit  theory,
upper-critical fields at T =0 K above 1 MG have been pre-
dicted.’ Nevertheless, a rather wide spread of upper-
critical field values has been reported up to now for the
Ba,RCu3- O7-, (R=Y, rare earths) series® % without
any evident relationship with normal-state electrical resis-
tivity or rare-earth magnetic moments. Moreover, very
stringent differences in H,, values have been reported by
Kupfer et al.® from electrical resistivity or ac susceptibili-
ty measurements in the same sample. All these experi-
mental results suggest, first, that there is no exchange
effect in H,; associated with the rare-earth paramagnetic
moments, and second, that the differences in upper-
critical fields reported up to now in the Ba;RCu3;07-,
series arise from uncontrolled effects in the microstructure
or stoichiometry. Furthermore, some care must be taken
when comparing experimental results obtained from
different experimental techniques on polycrystalline sam-
ples. This is mostly because of the strong H., anisotro-
py® ™! of the Ba;RCu307—, systems, a feature which, as
is well known, may lead to misleading conclusions unless
the characteristics of the different experimental tech-
niques are properly considered. !2

In this work, we report isothermal magnetization mea-
surements of a high-T. Ba;HoCu3;07 -, superconducting
sample performed with a SQUID magnetometer in ap-
plied fields to 55 KOe. The thermodynamical critical field
and the lower and upper-critical fields have been mea-
sured at temperatures near 7. and the dimensionless
Ginzburg-Landau parameter has been determined.

Our results show that the critical fields and the
Ginzburg-Landau parameter are much smaller than those
reported in other Ba,RCu307 -, samples from resistive or
magnetization measurements. We argue that the reduc-
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tion of the critical fields is associated with the heterogene-
ous character of our superconducting sample. The ex-
istence of sample inhomogeneity, probably associated with
oxygen nonstoichiometry, is evidenced from low-field
Meissner and diamagnetic shielding measurements.

The Ba;HoCu307 -, samples were prepared by reacting
a stoichiometric mixture of BaCOs;, Ho;03, and
Cu(NO;),. After grinding and heating in air several
times at 950 °C, the samples were pelletized and annealed
in oxygen at 700°C for 2 h and slowly cooled to room
temperature under the oxygen flow. The apparent density
of our sample was about 0.6 of the ideal density, as es-
timated from lattice parameters. Chemical analysis and
thermogravimetric studies of samples prepared under this
procedure lead systematically to an oxygen content of
about 6.9 per formula unit. X-ray-diffraction patterns in-
dicted an unique phase with an orthorhombic unit cell
close to that reported by several authors (Refs. 1 and 2):
a=3.819(1) A, 5=3.900(1) A, ¢=11.669(2) A. dc-
resistivity measurements showed a superconducting tran-
sition temperature at T=91.5 K and a width (10%-90%
of normal resistance) of about 1.5 K. dc isothermal mag-
netization has been carried out by means of a SQUID
magnetometer (quantum design) after zero-field cooling
processes. In the magnetization measurements, the sam-
ple consisted of a parallepiped having the largest direction
(axial ratio 1:4) oriented along the external field in order
to minimize the demagnetizing factor.

The Meissner effect and diamagnetic shielding effect
were measured in an applied field of 18.8 Oe by perform-
ing field-cooled (FC) and zero-field-cooled (ZFC) magne-
tization measurements, respectively (Fig. 1). The results
of Fig. 1 clearly show that after an abrupt diamagnetic
signal beginning at T7=92.5 K, a broad bump appears in
the ZFC curve below T=85 K extending down to 7=25
K where the magnetization saturates at a constant value.
The observation of these bumps below T, in magnetic
susceptibility studies of the BaRCu307-, superconduc-
tors, has been already reported before”!* and it indicates
the existence of oxygen inhomogeneities leading to regions
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with lower transition temperatures.'4!> As is observed in
Fig. 1 the flux expulsion measured in the FC magnetiza-
tion curve saturates at the value measured when the broad
bump in the ZFC curve starts and even shows a small, but
experimentally significant, minimum value (inset, Fig. 1).
This observation clearly indicates that a strong flux pin-
ning or trapping occurs when the regions of the sample
with a low oxygen content become superconducting. For
instance, if this low-temperature transition involves the
formation of superconducting loops, a strong flux trapping
within the closed regions should occur. It is then very
tempting to think that the sample inhomogeneities occur
mostly at the surface of the grains. This would be con-
sistent with the observations of Van et al. '° pointing to the
fact that the Ba,YCu307-, samples are very sensitive to
air humidity. In fact, our Ba;HoCu3O0;-, sample was
measured after a delay of about three weeks since the
preparation procedure and this could be enough to pro-
duce some surface degradation. In this context, it is not
clear which is the origin of the minimum in the FC curve
but a possible explanation is that it reflects the reduction
of the penetration depth within the regions with a low
temperature transition. This should make more effective
the trapping of the flux enclosed within a loop.

In any case, it is clear that the amount of flux expulsion
measured in the FC curve must only be considered as a
lower limit of the superconducting volume in the sample.
The saturated susceptibility of the FC curve corresponds
to 13.5% of — 1/4x, after compaction correction, which is
much smaller than that observed in more homogeneous
samples.>!” The susceptibility measured in the ZFC dia-
magnetic shielding curve corresponds to 63% of —1/4x if
no compaction correction is applied and 95% when the
compaction correction is taken into account. This is a fur-
ther indication of the granular nature of the supercon-
ducting pellets where the grain boundaries behave as weak
links allowing flux penetration into the intergranular voids
even in fields as low as 18.8 Oe (Refs. 17-19).

The paramagnetic susceptibility of our Ba,HoCu;-
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FIG. 1. Meissner effect (FC) and diamagnetic shielding

curve (ZFC) as measured at H =18.8 Oe. Inset: detail of the
FC-magnetization curve at temperatures around the setting of
the low-temperature broad bump in the ZFC curve.
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O7-x sample was measured with an external magnetic
field of H=10 kOe. The temperature dependence of the
susceptibility was fitted to a law ¥ =2+ C/(T+8) with
C=15.09 emu/mol and 8= —16.1 K. The % term con-
tains mostly the diamagnetic core contribution and the
Pauli paramagnetism of the conducting electrons* while
the Curie-Weiss term is mostly associated with Ho ions
with a small contribution of localized electrons in Cu2*
ions. In fact, if we assume that the Curie constant C is
only associated with Ho ions we get pug=10.9uz/ion,
slightly higher than the free-ion value (ueg=10.6up/ion),
thus indicating that some contribution of copper ions as
well. Finally, the rather strong © value indicates impor-
tant antiferromagnetic interactions among the Ho ions
leading to a low-temperature antiferromagnetic transi-
tion, 20:21

The isothermal magnetization curves measured at tem-
peratures close to 7, show a remarkably ideally reversible
behavior in the mixed phase (inset of Fig. 2) indicative of
very low intragrain critical currents.?? This allows one to
determine the thermodynamical critical field from the re-
lationship??

H? 2
f M, —M,)aH = — 2= (1)
0 8n

where M; is the magnetization in the superconducting
phase and M, is the extrapolate paramagnetic magnetiza-
tion which at these temperatures behaves linearly
(gyupJH/kp < 1).

The upper-citical field H., was defined as the field
where the magnetization M reaches the paramagnetic
value at the corresponding temperature. A typical mag-
netization curve is represented in Fig. 2 where it is made
evident that the polarization of Ho ions within the vortices
dominates the diamagnetic contribution of the supercon-
ducting electrons. The fitting procedure followed to get a
proper determination of H,., was as follows. High-field
points in the magnetization curves were fitted to a straight
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FIG. 2. Magnetization curve measured at 7 =83 K together
with the paramagnetic straight-line magnetization fitted from
high-field points. Inset: low-field irreversibility observed among
increasing and decreasing field curves.
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line constrained to go through the origin thus deducing
the paramagnetic susceptibility values x,(T) at tempera-
tures below T.. The upper-critical field was taken as that
where the measured magnetization deviates from the
high-field straight lines, within the experimental uncer-
tainty in the magnetization values. The self-consistency
of this procedure may be ascertained by plotting the tem-
perature dependence of the paramagnetic susceptibilities
Z.(T) below T, together with the paramagnetic suscepti-
bility 2(T) measured at constant field above T, (Fig. 3).

Finally, the lower-critical field H,, was defined as the
field where a deviation of the linear behavior in the iso-
thermal magnetization curve, after zero-field cooling, is
observed. This is, in fact, the point above which the dia-
magnetic shielding effect is broken and which marks the
onset of relaxation effects in the magnetization curves.?*
In Fig. 4, we show a typical low-field magnetization curve
which makes clear that our determination of H, is uncer-
tain because of the difficulty in determining the point
where linearity no longer holds.

The temperature dependences of H,;, H,,, and H,, as
deduced from the analysis described above, are represent-
ed in Figs. 4 and 5 where it may be observed that they ex-
trapolate to T, =91.5 K which we define as the transition
temperature, in agreement with resistivity and Meissner
effects measurements. Our results for H,, and H, clearly
show a nonlinear behavior near T, at variance with ear-
lier results reported for Ba;RCu307-, compounds®~3
while the temperature dependence of H,; remain linear in
the investigated temperature range.

The experimentally extrapolated slopes at 7, for the
different critical fields are dH.o/dT =—3.9 kOe/K,
dH./dT = —93.5 Oe/K, and dH,/dT = —3.6 Oe/K. We
note first that all these values are considerably smaller
than those reported by other authors for any member of
the BaRCu3O7-, series of high-T, superconductors.
From the experimental slopes of H.,, H., and H, the di-
mensionless Ginzburg-Landau coefficient as generalized
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FIG. 3. Paramagnetic susceptibility measured near T.. Solid
points indicate susceptibility values measured at constant field
(H=10 kOe) above T., open points indicate susceptibility
values deduced from isothermal magnetization curves measured
below T-..
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FIG. 4. Temperature dependence of lower critical field H;,
near T.. Inset: low-field magnetization curve measured at
T =80 K allowing to determine H;.

by Maki may be evaluated through the relationship?

dHc2 dHc

ar |V r - @
dHC] - lnx dHC (3)
dT |r. a2k dT |r.

From Eq. (2) we get x==30 while from Eq. (3) we obtain
k=80, thus indicating strong type-II superconductivity,
even if these values are slightly smaller than those report-
ed by other authors.*’

A clue to the low values of the thermodynamical critical
fields may be obtained if we reexamine their definition
through Eq. (1). In this definition, it is assumed that the
sample is fully superconducting and then H, is a measure
of the condensation energy of the superconducting phase.
However, if part of the sample is nonsuperconducting in
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FIG. 5. Temperature dependences of upper critical field H.
(0) and thermodynamical critical field H. (®) near T..
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the investigated temperature range, as indicated by the
low-field diamagnetic shielding curve, then our evaluation
of H. is underestimated. For instance, measurements by
Bezinge, Jorda, Junod, and Mupper? for Ba;YCu307—,
samples give dH./dT = —180 Oe/K at T,. Therefore, it
is very likely that our experimental H, values have been
reduced because of the heterogeneous character of our
sample. If we assume that the slope reported by Bezinge
etal. corresponds to a fully superconducting sample and
that the penetration-depth effects?® are similar in both
cases, we conclude that about 13% of our sample remains
nonsuperconducting in the 85 K< 7 =<91.5 K tempera-
ture range. This amount of nonsuperconducting volume
seems quite reasonable and could be consistent with a sur-
face degradation phenomena as pointed out above.

Now concerning the upper-critical field H,, several pre-
liminary comments are in order. It is usually observed
that, in anisotropic superconductors, electrical resistivity
and dc-magnetization measurements in polycrystalline
samples lead to strongly diverging results, typically with
lower critical fields in the magnetization measurements. '?
This is probably because vanishing small superconducting
volumes, having the highest H.; and not detected in the
magnetization measurements, may still have a percolation
path and thus, zero resistance. One should then expect
that dc-magnetization measurements should provide
upper critical fields approaching the low values of H.,
determined from electrical resistivity drops but definitely
higher than those determined from zero resistivity cri-
teria. Moreover, in the study of the new high-T, super-
conductors, extreme care must be taken when comparing
results from different authors because, due to their very
high H,, anisotropy, any nonrandom distribution of the
crystallites in the sample may lead to considerable diverg-
ing results.

For instance, electrical resistivity results on the
Ba;RCu3O07—x-type high-T, superconductors give H,;
slopes at T, of about 4-12 T/K for 90% of normal resis-
tivity and of about 0.3-1.2 T/K for 10% of normal resis-

tivity.>>%® On the other hand, H,, slopes determined
from magnetization measurements are in the range 2-5
T/K.*7 It is then obvious from the comparison of all these
H,; slopes with that which we have determined in our
Ba;HoCu307 -, sample, that we are on the low end of the
large range of H,, slopes reported up to now. Further-
more, some authors found a straight-line-type behavior
near T, while others found an upward curvature. Our re-
sults show an initial constant slope at 7, and a progressive
downward curvature which is very similar to the behavior
found by Day et al. from critical current measurements. ?’

In light of our own measurements on the Ba;HoCus;-
O7-, superconductor, we must then conclude that the
upper critical fields display a strong sensitivity to sample
inhomogeneities or microstructure. As it is well known,
heterogeneous superconductors usually present anomalous
H., temperature dependences because the percolation
correlation length may play the role which should be attri-
buted to the superconducting correlation length.2® =3 In
the new high-T, superconductors it has been recently sug-
gested’! that the existence of copper-oxygen chains is an
essential feature and so we should expect a strong sensi-
tivity of the superconducting state to the introduction of
defects or inhomogeneities which could interrupt the
coherence along these chains.

In conclusion, our investigation shows that the new
high-T, superconductors have critical fields which are
very sensitive to the existence of oxygen inhomogeneities
and suggests that a close relationship exists among this
defective structure and the observance of low flux expul-
sion.3? We suggest then that a very careful characteriza-
tion of the oxygen stoichiometry must be carried out in or-
der to get reliable fundamental parameters such as critical
fields or the dimensionless Ginzburg-Landau parameter.

This work has been partially financed by Comision
Asesora de Investigacion Cientifica y Técnica, Contract
No. 916/84.

IM. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng,
L. Gao, Z. J. Huang, Y. Z. Wang, and C. W. Chu, Phys. Rev.
Lett. 58, 908 (1987).

2R. J. Cava, B. Batlogg, R. B. van Dover, D. W. Murphy,
S. Sunshine, T. Siegrist, J. P. Remeika, E. A. Rietman,
S. Zahurak, and G. P. Espinosa, Phys. Rev. Lett. 58, 1676
(1987).

3T. P. Orlando, K. A. Delin, S. Foner, E. J. McNiff, J. M.
Tarascon, L. H. Greene, W. R. McKinnon, and G. W. Hull,
Phys. Rev. B 36, 2394 (1987).

4A. Bezinge, J. L. Jorda, A. Junod, and J. Mupper, Solid State
Commun. 64, 79 (1987).

5J. J. Neumeier, Y. Dalichaouch, J. M. Ferreira, R. R. Hake,
B. W. Lee, M. B. Maple, M. S. Torikachvili, K. N. Yang, and
H. Zhon, Appl. Phys. Lett. 51, 371 (1987).

60. Laborde, J. L. Tholence, P. Lejay, A. Sulpice, R. Tournier,
J. J. Capponi, C. Michel, and J. Provost, Solid State Com-
mun. 63, 877 (1987).

C. Ayache, B. Barbara, E. Bonjour, R. Calemczuk, M. Conach,
J. H. Henry, and J. Rossat-Mignot, Solid State Commun. 64,
247 (1987).

8H. Kupfer, 1. Apfelstedt, W. Schauer, R. Flukiger, R. Meier-
Hirmer, and H. Wiihl, Z. Phys. B 69, 159 (1987).

9Y. Hidaka, Y. Enomoto, M. Suzuki, M. Oda, A. Katsui, and
T. Murakami, Jpn. J. Appl. Phys. 26, L726 (1987).

10p, 0. Welch, M. Suenaga, and T. Asano, Phys. Rev. B 36,
2390 (1987).

ITH. Noel, P. Gougeon, J. Padion, J. C. Levet, M. Potel, O. La-
borde, and P. Monceau, Solid State Commun. 63, 915 (1987).

12G. W. Crabtree, F. Behroozi, S. A. Campbell, and D. G.
Hinks, Phys. Rev. Lett. 49, 1342 (1982).

133, J. Capponi, C. Chaillout, A. W. Hewatt, P. Lejay,
M. Marezio, N. Nguyen, B. Raveau, J. L. Soubeyroux, J. L.
Tholence, and R. Tournier, Europhys. Lett. 12, 1301 (1987).

14p. Monod, M. Ribault, F. D’Yvoive, J. Jegoudez, G. Collin,
and A. Revcolevschi, J. Phys. (Paris) 48, 1369 (1987).

I5R. J. Cava, B. Batlogg, C. H. Chen, E. A. Rietman, S. M.
Zahurak, and D. Werder, Nature 329, 423 (1987).

16M. F. Yan, R. L. Barns, H. M. O’Bryan, P. K. Gallagher,
R. C. Sherwood, and J. Jin, Appl. Phys. Lett. 51, 532 (1987).

17x. Obradors, A. Labarta, J. Tejada, G. Garcia-Alvarado,
E. Moran, M. Vallet, J. M. Gonzdilez-Calbet, and M. A.



38 MEISSNER EFFECT AND CRITICAL FIELDS IN AN . ..

Alario, Solid State Commun. 64, 707 (1987).

18 Maletta, A. P. Malozemoff, D. Cronemeyer, C. C. Tatsnai,
R. L. Greene, J. G. Bednorz, and K. A. Miiller, Solid State
Commun. 62, 323 (1987).

19y, Spille, H. Kneissel, U. Ranchwalbe, F. Steglich,
H. Rietschel, and D. Ewert, in Proceedings of High-7 Super-
conductors and Potential Applications, Géneva, Switzerland,
1987 (unpublished).

20R. D. Dunlap, M. Slaki, D. G. Hinks, L. Soderholm, M. Beno,
K. Zhang, C. Segre, G. W. Crabtree, W. K. Kwok, S. K.
Malik, I. K. Schuller, J. D. Jorgensen, and Z. Sungalia, J.
Magn. Magn. Mater. 68, L139 (1987).

215, W. Lynn, W. H. Li, Q. Li, H. C. Ku, H. D. Yang, and R. N.
Shelton, Phys. Rev. B 36, 2374 (1987).

22C, P. Bean, Phys. Rev. Lett. 8, 250 (1962).

23B. Serin, in Superconductivity, Vol. 2, edited by R. D. Parks
(Marcel Dekker, New York, 1969).

243 E. Drumbheller, G. V. Rubenacker, W. K. Ford, J. Anderson,

2459

M. Hong, S. H. Lion, J. Kwo, and C. T. Chen, Solid State
Commun. 64, 509 (1987).

25M. Tinkham, in Introduction to Superconductivity, edited by
B. Bayne and M. Gardner (McGraw-Hill, New York, 1975).

26D, K. Finnemore, R. N. Shelton, J. R. Clem, R. W. McCal-
lum, H. C. Ku, R. E. McCarley, S. C. Chen, P. Klavins, and
V. Kogan, Phys. Rev. B 35, 5319 (1987).

27U. Day, G. Deutscher, and R. Rosenbaum, Appl. Phys. Lett.
51, 460 (1987).

28G. Deutscher, Physica B 109 & 110, 1629 (1982).

29A. Gerber and G. Deutscher, Phys. Rev. B 35, 3214 (1987).

30R. G. Steinman and F. de la Cruz, Solid State Commun. 62,
335 (1987).

31C. U. Segre, B. Dabrowski, D. G. Hinks, K. Zhang, J. D. Jor-
gensen, M. A. Beno, and I. K. Schuller, Nature 329, 227
(1987).

32X, Obradors, A. Labarta, M. Vallet, and J. Gonzalez-Calbet,
Physica C (to be published).



