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Magnetization scaling on thick YBa2Cn307 „single crystals
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Magnetic-hysteresis curves of YBa2Cu307, single crystals are found to exhibit scaling features. The
scaling parameters, the full penetration field H~, and the associated magnetization M~, are determined

experimentally as the merging point between the virgin magnetic curve and the M-H loop envelope.

Scaling is performed by dividing M and H by M~ and H~, respectively. For magnetic fields higher than

H~, the M-H loops, once scaled, lie on a unique envelope, independent of temperature up to the irreversi-

bility line. This result suggests that there is no evidence of any phase transition for H & H~. This scaling

has been performed on the data obtained for two YBa2Cu307 „single crystals, one oxygenated under at-

mospheric pressure and the other one under high oxygen pressure. The results have shown that pinning

in the latter crystal is more effective at intermediate magnetic fields, H-H~, but less effective at fields H
significantly higher than H~.

Although the magnetic properties of YBa2Cu307
(YBCO) single crystals have been widely investigated
since the early discovery of the superconducting ox-
ides, ' the behavior with magnetic field and temperature
remains to be understood. The shape of the dc magnetic
hysteresis loops changes drastically with temperature
leading to the possibility of vortex phase transitions.
Theoretical calculations have shown that several vortex
phase transitions were possible such as glassy phase '

and Aux melting phase transitions. ' Since a glassy
phase as well as a vortex liquid could be pinned, one
could therefore possibly attribute the change in the shape
of the magnetic cycles to a transition from a glassy to
liquid vortex phase. Recently Krusin-Elbaum et al.
have related the shape of the magnetization loops to vari-
ous regimes in the H-T plane. The crossovers between
different regimes were visualized from contours of con-
stant J, in the H-T plane. However, our experimental
results show no evidence of any transition for magnetic
fields higher than the full penetration field. The results of
Krusin-Elbaum et al. will be discussed later.

This paper involves an extensive magnetic hysteresis
study in two YBCO single crystals taken from the same
batch. One of them has been oxygenated under atmos-
pheric pressure (at 450'C for 100 h and then furnace
cooled, hereafter called crystal No. 1) and the other one
under high oxygen pressure (150 bars at 450'C for 24 h

and then furnace cooled, hereafter called crystal No. 2).
The experimental results exhibit scaling features. Using
the reduced variables H/H and M/M, H being the
full penetration field and M the associated magnetiza-
tion, one obtains a unique magnetic hysteresis shape, in-

dependent of temperature.
The two YBCO crystals used in this investigation were

grown from a NaCl:KCl Aux, using prereacted and fine-

ground YBCO powders as the starting materials. '

Both are heavily twinned with a T, =91 K and
6T, =2—3 K. Crystal No. 1 has a size of about

3.3 X2.4 X 1.1 mm and crystal No. 2 was about
3.8 X 3.8 X0.9 mm, with the c axis parallel to the shor-
test length. The measurements were carried out on an
Oxford Instrument vibrating sample magnetometer.
Samples were first zero field cooled at the desired temper-
ature (between 10 and 85 K), and then a sweeping mag-
netic field up to 12 T, at a rate of 20 mTis, was applied.
The magnetic field was first increased from 0 to 12 T and
then decreased from 12 to —12 T and finally increased
from —12 to 12 T.

Figure 1 shows a set of three M-H loops (for clarity
only half of the loops are represented, the other half can
be deduced by symmetry around the origin) at three
selected temperatures to emphasize the striking change of
the magnetic hysteresis envelope. These curves belong to
crystal No. 1. The full penetration field H defined as the
first field at which the Aux front reaches the center from
the surface, ' is determined experimentally as the field
where the virgin magnetic curve and the M-H loop en-
velope merge (see Fig. 1). It can be seen that H is quite
different from the field at which M goes through a max-
imum. At high temperature (T)40 K), the merging
point is less clear because of the increasing depression of
the magnetization, that occurs before H, with tempera-
ture. This depression gives rise to the well-known fishtail
shape. The scaled magnetic loops for the two crystals are
represented in Fig. 2. As stated above, scaling is
achieved by dividing the magnetic field H and the magne-
tization M by the full penetration field H and the associ-
ated magnetization M, respectively. Figure 2(a) corre-
sponds to crystal No. 1 and the solid lines in Fig. 2(b)
correspond to crystal No. 2. All the magnetic loops, at
different temperatures, once scaled, lie on the same mag-
netic field envelope for H) H . Figure 2(b) also shows
comparison between the two scaled magnetic field en-
velopes associated to both crystals. For crystal No. l
(dashed line) pinning seems to be more efFective than in

crystal No. 2 at fields significantly higher than H . This
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situation is reached at high temperatures where the max-
imum field available (12 T) is much higher than the full

penetration field. This result will be discussed later.
To further investigate the above statements, two more

experiments on crystal No. 2 have been performed. In
the first experiment we have compared the scaled mag-
netic hysteresis loops at 30, 40, and 50 K (each with a
maximum field 12 T) to magnetic hysteresis loops taken
at 60 K with different values of maximum field H, such
that H /H~ at 60 K was equivalent to the maximum
available field (12 T) scaled by the full penetration field

Hp measured at the three lower temperatures. The re-
sults are represented in Fig. 3(a). The second experiment
consisted of comparing magnetic loops at 50 and 60 K
with several reverse legs performed at the same reduced
values of H /H . One can notice that the scaling is suc-
cessful at high fields but fails at low fields (H &H, see,
for example, the reverse leg of the magnetization curve at
30 K). The results of Figs. 3(a) and 3(b) are in fact pre-
dictable from Fig. 2. Indeed, the reverse leg of M-H
loops were parallel. The scaling seems also to break
down close to the irreversibility line. Crystal No. 2 [for
which pinning seems to be less effective at extreme condi-
tions than crystal No. 1, according to Fig. 2(b)] shows
clearly this effect in Fig. 3(c}. The latter phenomena
could be attributed to the decrease of the pinning as well
as to the rapid increase of the relaxation rate with in-
creasing temperature close to the irreversibility line.
These relaxation effects are shown to give rise to sweep
rate dependence of the hysteresis curves as shown by de
Groot et al. '

Figure 4 shows the temperature dependence of H andP
M for both crystals. For the sake of comparison, the
full penetration field H and the associated magnetization
M have been normalized to their value at 20 K. These
values are, respectively, for crystal No. 1 and No. 2,
found to be the following: 5.2 and 11 T for poH andP2.15 and 4.8 T for poM&. At first sight, since Hz and M~
do not have the same temperature dependence for the
same crystal, it means that the scaling could not be re-
duced to a one parameter scaling and therefore the Bean
model'3 (M ~HI, ) could not be applied in any case.
However, if one consider the low-temperature range
(T &50 K}, especially for crystal No. 1 (open squares),
one can make the approximation that M and H have
the same temperature dependence, consequently Mp is
proportional to Hp and the scaling could be reduced to
one parameter. Figure 4(a) compares the temperature
evolution of the normalized full penetration fields Hp for
both crystals. Values deduced for crystal No. 1, which
has been oxygenated under atmospheric pressure, decay
more rapidly with temperature than those deduced for
crystal No. 2, which has been oxygenated under high
pressure. This result suggests that pinning is more
effective in the latter crystal, for applied magnetic fields
of the order of Hp. Let us go back to the values given
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FIG. 1. A set of three magnetic hysteresis loops at three
selected temperatures to emphasize the striking change of the
shape. These curves belong to crystal No. 1 (oxygenated under
atomospheric pressure). poH~ is the full penetration field, deter-
mined as the merging point between the virgin magnetic curve
and the external envelope.

H/Hp

FI&. 2. Scaled magnetization loops, (a) crystal No. 1 (oxy-
genated under atmospheric pressure) and (b) solid lines, crystal
No. 2 (oxygenated under high oxygen pressure). The dashed
line in (b) is the scaled magnetic envelope obtained for crystal
No. 1. The temperatures indicate the corresponding M-H loops
that have been scaled.
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above for pDH and p, M at T=20 K. Since these
values are size dependent, one has to consider the sample
dimensions before any further comparison. If one makes
the assumption that the full penetration field H and the
associated magnetization M scale with the shortest di-
mension perpendicular to the applied magnetic field and
are related by a proportional factor, as in the Bean mod-
el, ' ' one can correct the values of poH (T=20 K) and

@gal~ (T=20 K) for crystal No. l given above, in order
to be able to compare them to those of crystal No. 2. The
new values are p, oH~, =p,oH a =8.2 T and @0M,
=@0M&a=3.47 T, where a=d2/d& with d, =2.4 cm
and d2 =3.8 cm; d, and d2 being the shortest dimensions
perpendicular to H for crystals No. 1 and No. 2, respec-
tively. The corrected values are still lower than those of
crystal No. 2 and this result gives further support to the
idea that pinning is better for the best oxygenated crystal
while dealing with magnetic fields of the order of the full
penetration field.

Figure 5 shows a comparison of the critical current
density J, at T=50 and 60 K as a function of the re-
duced value H/H for both crystals. These temperatures
have been chosen to show the behavior of J, in a large
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FIG. 4. (a) H~/H~ (T=20 K) as a function of T for crystal
No. 1 (open squares) and crystal No. 2 (full squares) (b) Mp/Mp
( T=20 K) vs T for both crystals, symbols are the same as in (a).
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range of values of H/Hp. The critical current density J,
is calculated using the formula derived' for a square-
shaped sample surface with dimensions a, X a (a„)a ):

J,a a
bM= 1—

2 3ax

where J, is in A /m, a„and a in m, and finally AM, the
width of the loop, in A /m.

The results of Fig. 5 support our conclusion concern-
ing pinning for both crystals. It shows clearly that pin-
ning in the well oxygenated crystal (stars) is the most
effective for applied magnetic fields, H, of the order of H
and the least effective for H significantly higher than H .

Similar scaling performed on sintered samples but us-
ing the maximum magnetization M and the associated
field H, have been reported by Yeshurun et al. ' How-
ever, in sintered samples, the full penetration field H„ is
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FIG. 3. These curves belong to crystal No. 2. (a) M/M~ as a

function of H/H~, dashed lines correspond to the scaled M-H
loops at T=30, 40, and 50 K; solid lines correspond to T=60 K
with several reverse magnetic legs. (b) Scaled M-H loops at
T=50 (dashed lines) and 60 K {solid lines) with several reverse

legs at the same reduced values of H/H„{c) M/M~ vs H/H~
for temperatures close to T, .
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FIG. 5. J, vs H/H~ for crystal No. 1 (solid lines) and crystal
No. 2 (stars) at T =50 and 60 K.
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only slightly different from the field H . One can there-
fore expect our scaling to be also valid for a sintered ma-
terial. One of the interesting features of the scaling re-
ported here is that it gives a method to compare the abili-
ty of samples, made differently, to carry high-current
densities. So far, it has not been clear whether oxygen
vacancies increase pinning or reduce it. It has already
been reported that vacancies act as pinning centers' but
recent experimental results on YBCO seemed to contra-
dict this assumption. ' Actually, in the latter reported
results, it is not evident whether the widths of the magne-
tization loops increase because of the reduction of oxygen
vacancies in the same sample after repeated annealing, or
simply due to a change of defect structure because of the
successive thermal treatments to which the sample was
submitted. In our case, if the difference in pinning
behavior between the two crystals at applied magnetic
fields H larger than the full penetration field H~, could be
attributed to oxygen vacancies, then the vacancies would
tend to increase the pinning strength rather than reduce
it. This behavior could be understood in the framework
of the collective pinning theory. ' In fact, at high field
where we believe that the collective pinning theory might
apply, the strength of the pinning centers as well as their
density are important. According to the collective pin-
ning theory, ' ' a short-range order in the flux line lat-
tice (FLL) still exists in a volume V, called the correla-
tion volume, although pinning destroys the long-range
order. If inside this volume there are N randomly posi-
tioned pins, the maximum pinning force exerted on the
FLL is equal to f&N'~, where f~ is the averaged force
exerted on the FLL by each pin.

Krusin-Elbaum et al. have reported that the shape of
the M-H loops is related to various regimes in the H-T
plane, but our results show no evidence of such a link. It
is worth noting that the reported magnetic behavior is
quite unusual. ' ' In fact, the ratio of the width over
the thickness of their crystal was of the order of 50. This

makes a slab or thin disk geometry with a magnetic field
applied perpendicularly, to be a good approximation. In
this case Daumling and Larbalestier have shown that
the critical state in a thin disk occurs through the thick-
ness d, not the radius ro. Furthermore, the shielding
currents create radial fields on the surface of the disk
which are of order J,d/2. This might affect the shape of
the M-H loops and should be considered in the analysis
of the data. Delin et al. have investigated thin YBCO
crystals similar to those of Krusin-Elbaum et al. They
have found that the curves could be scaled using a field
Hb and magnetization Mb originated from a breakpoint
in the M-H loops observed at very high field (for example
at T=40 K, poHb =12.5 T to be compared to NOH =2.4
T, used in our case for crystal No. 1 which is three times
larger than that investigated by Delin et al. ). In fact,
their scaling is not similar to the one reported here, as the
experimental definition of the scaling parameters as well
as their physical meaning are altogether different.

In conclusion, we have shown that magnetization loops
on YBCO single crystals exhibit scaling features. For
magnetic fields higher than the full penetration field, the
M-H loops, once scaled, are reduced to a unique en-
velope, independent of temperature up to the irreversibil-
ity line. Our results suggest that there is no evidence of
any phase transition or change in the nature of the pin-
ning process for magnetic fields H )Hz. However, they
do not exclude a possible transition for fields lower than
H . Our scaling studies have also shown that oxygenat-
ing crystals under high oxygen pressure, increases pin-
ning at intermediate fields, H-H, but reduce pinning
for H significantly higher than H .
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