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Irreversibility temperatures in c-axis-oriented powders of YBa2Cu307, Bi2Sr2CaCu20g,
and Bi2Sr2Ca2Cu3otp

Youwen Xu and M. Suenaga
Division of Materials ScienceB, rookhaven National Laboratory, Upton, New York 11973

Y. Gao and J. E. Crow
Department of Physics, Florida State University, Tallahassee, Florida 32306

N. D. Spencer
8'. R. Grace 4 Company, Columbia, Maryland 27044

(Received 15 August 1990)

The irreversibility temperatures T, (H) for the c-axis-oriented powders of pure and alloyed

YBa2Cu307, Bi2Sr2CaCu208, and Bi2Sr2Ca2Cu30[0 were measured for clIH. The results suggest
that these temperatures are not the theoretically predicted vortex-lattice melting temperatures nor
the vortex-glass-to-vortex-liquid transition temperatures.

The high degree of mobility for magnetic-flux lines in
high- T, superconductors, which is due to the short
Ginzburg-Landau coherence lengths g (-1.5 nm) and
the weak interlayer coupling, has been a much discussed
subject since the first observation of this efl'ect by Miiller
etal. ' These authors showed that there is a significant
temperature range below the critical magnetic field
H, 2(T) in which the magnetization of bulk La-Sr-Cu-0 is
reversible during a warming and cooling cycle in magnetic
field. The low-temperature boundary of this reversibility
range is called the irreversibility temperature T„(H).
Based on the observation that T, (H) depends on H as
[I —T, (H)/T, (0)j cL H 1, they suggested the existence of
a superconducting glass state. On the other hand,
Yeshurun and Malozemoft; who observed a similar rela-
tionship between T, (H) and H for a single crystal of
YBa2CusOi, argued that this magnetization behavior in
these oxides could be described by a conventional flux-
creep model. Furthermore, they derived this relationship
based on a flux-pinning argument.

These highly movable flux lines have also been studied
by measurements of the broadening of the resistive super-
conducting transition T, 's under magnetic fields. In
addition, Gammel et al. observed the temperatures of
maximum dissipation in superconducting single crystals
using a high-Q mechanical oscillator. They identified this
Tsr(H) as the flux-line-lattice melting temperature.
These results have stimulated theoretical studies.
Brandt and Houghton et al. ' calculated the melting
temperatures from the nonlocal elasticity of the flux-line
lattice within the anisotropic Ginzburg-Landau (GL)
description. On the other hand, Fisher" argued that, in a
type-II superconductor with random flux-pinning sites,
there exists a disordered phase, a vortex-glass supercon-
ductor. He predicted a phase transition from a vortex-
glass to a vortex-liquid phase with increasing temperature
at a given magnetic field H() H, t), with the irreversibili-
ty line being the phase boundary. Subsequently, Koch et
al. ' showed that the anomaly in the I-Vcharacteristics of
a YBqCu307 film as a function of temperature can be in-

terpreted as Fisher's glass-liquid transition. On the other
hand, Griessen' and Esquinazi' argued that the Koch et
al. data can be interpreted as due to thermally assisted
Aux flow, and that this vortex-glass-vortex-liquid line
Ts(H) is equivalent to the depinning line. Zeldov et al. 's

also showed that the resistive transition of a Bi 2:2:I:2 film
can be interpreted as a consequence of flux depinning by
incorporating a Lorentz force dependent pinning poten-
tial. Furthermore, Inui et al. ' demonstrated that the
resistive broadening in Bi2Sr2CaCu20s of Palstra et al.
can be explained by a single-vortex depinning model.
Thus, it has not yet been determined whether this dissipa-
tive magnetic state is a consequence of a phase transfor-
mation in the Aux-line lattice (or glass) or is simply due to
thermally activated motion of flux lines. (See, for exam-
ple, the review by Doniach. ' )

To provide additional information regarding the motion
of the flux lines, we made a series of measurements of the
irreversibility temperature T, (H) for a set of c-axis-
oriented powders of nominal compositions YBa2(Cut —„-
tM )307 Bi2Sr2CaCu20s, and (Bi,Pb) 2Sr2Ca2CusO &p.

(Here we refer to these oxides, respectively, as Y 1:2:3,Bi
2:2:1:2,and Bi 2:2:2:3.) We find that T„(H), as measured
by the procedure described below, provides essentially the
same information as Tst(H) determined using the high-Q
oscillator and as the resistive critical temperature TR(H)
obtained with a very low resistivity criterion [e.g. ,

p 10 p 0 cm (Refs. 4-6)]. We also studied the
influence of substitutional elements in YBa2(Cut
M )307 on T, (H) and the temporal decay of magnetic
hysteresis widths. These results will be discussed in terms
of some of the theoretical ideas described above.

For the purpose of measuring the magnetic-field-
dependent irreversibility temperature T„(H) and critical
temperature T, (H), bulk sintered specimens of the
desired compositions were prepared. ' ' For alignment
of the c axis of the powders along the field direction, the
specimens were crushed to an average powder size of —10
pm and encapsulated in epoxy under a magnetic field of
80 kG. The alignment was confirmed by transmission
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Laue and powder x-ray-diffraction techniques.
A commercial superconducting quantum interference

device (SQUID) magnetometer was used for the measure-
ments of magnetic properties. Initially, the specimen was

cooled to -5 K in zero field and then a chosen magnetic-
field value was set in several incremental steps. The sam-

ple was then slowly warmed up to a temperature well

above T, (H) and then slowly field cooled. During a
warm-up and cool-down cycle, the temperature was varied

by 0.5-K steps for —15-K spans below T, (H) and near
T„(H). Between these regions the temperature was

changed by 1 or 2 K per step. At each temperature, three
measurements (three scans) were taken with a 2-cm scan
length. As shown previously, ' the trace of magnetic mo-

ment separates below T, (H) and two straight lines were
drawn from the low-temperature side, and the intersection
of these was defined as T,(H).

The magnetic-field dependence of the irreversibility
temperature T„(H) for a Y 1:2:3 specimen is shown in

Fig. 1 in a ln(H) vs in[1 —T, (H)l T, (0)l plot. The ir-
reversibility temperature follows a power-law relationship,
i.e., H=-a[1 — T/T, (0)]", where a is a proportionality
constant, and the value of n is approximately 1.5. Also
shown in Fig. I are other transition temperatures deter-
mined by various methods. They are (i) the flux-lattice
melting temperature Tse (Gammel et al. ), (ii) the
vortex-glass-vortex-liquid transition temperature Tz
(Koch et al. ' ), and (iii) the resistive transition tempera-
ture TR (H) at p 10 p 0 cm for a single crystal (Pals-
tra et al. 5) and 2.6x10 2 pAcm for a film (Iye et al. s) of
YBa2Cui07. Note that these transition temperatures all
follow a similar power-law dependence on H. The values
of n for the single-crystal data are —1.5, for the films,
—1.2. The values of n among the crystal data and the
present results are similar. This suggests that the irrever-
sibility temperatures T, measured here are comparable to
Ts, TM, and TIt determined for single crystals as well as
for films. The differences in the values of the constants a
and n are likely to be due to the variations in sample

characteristics, e.g., flux-pinning strength, and in the level
of measurement sensitivity.

In order to confirm this similarity among the transition
temperatures, the magnetic-field dependences of the ir-
reversibility temperatures, T, (H) for Bi 2:2:1:2 and Bi
2:2:2:3,are compared with TM (Ref. 7) and T~ (Ref. 5)
for Bi 2:2:1:2single crystals in Fig. 2. For the Bi-based
oxides, the relationship between T„(H) and H does not ex-
hibit the same power-law relationship which was found in
the Y 1:2:3 systein. i However, the qualitative depen-
dences of these transition temperatures on applied mag-
netic fields are nearly identical, similar to the situation in
Y 1:2:3,although the exact temperatures for Tse, Tit, and
T, are different. Thus, we conclude that T„(H) as mea-
sured here is essentially the same as Tse(H) and Tg(H)
and is also likely to be the same as Tf (H), whether these
transition temperatures are indications of the lattice melt-
ing or the depinning of the flux lines.

We also measured T„(H) for a set of specimens,
YBa2(Cu~ —„M,)307, where M Al, Fe, Ni, and Zn and
x 0.02. Again, the same power-law relationship was ob-
served for all with n ~1.5, but the constant a varies. We
measured the magnetic hysteresis width hM [at T=-0.1

and 0.5 T, (0) and H 10 kG] for each specimen. We
find that a decreases nearly proportionally with decreasing
hM. It is clear that the pinning strength of a specimen
has a strong correlation with the irreversibility tempera-
ture in the case of substituted YBa2CuiQ7. In a recent re-
port by Civale et al. , a systematic shift in the constant a
in the power law for T, (H) with increasing d,M is report-
ed for proton irradiated single crystals of Y 1:2:3. Large
increases in T„(H) and dM for a neutron irradiated Bi
2:2:1:2crystal2s and Tl 2:2:2:3ceramics were also report-
ed recently. ~s

Among theories for the flux-lattice melting tempera-
tures, only Houghton et al. ' provide an explicit analytical
expression for the transition temperature. We have at-
tempted to find a best fit with their Eq. (3.9) in Ref. 10 al-
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T, (H) (Koch et al. , Ref. 13), and TR(H) (Palstra et ai. , Ref. 5

and Iye eI al. , Ref. 6), which are determined by other tech-
niques.
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FIG. 2. The irreversibility temperature vs 0 for Bi 2:2:1:2

(open circles) and Bi 2:2:2:3 (solid circles) are compared with

T~(H) (Ref 7) (open squ.ares) and TR(H) (Ref. 4) at p 10
p0cm (solid inverted triangles). The field-cooled (—I Oe) re-
sults for Bi 2:2:I:2 (open circles) and Bi 2:2:2:3 (solid circles)
are also shown to indicate the quality of these specimens.
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lowing as a free parameter the value of c in the Lin-
demann melting criterion. However, since our data fit the
power-law relationship with n =1.5 quite well for all of Y
1:2:3,it was not possible to find a value of e to fit their ex-
pression, which predicts n=2. Attempts to fit their ex-
pression for T,(H) for Bi 2:2:1:2and Bi 2:2:2:3were also
unsuccessful. These poor fits may be due to the fact that
either our measured T, (H) [as well as Tsr(H), TR(H),
and Tg(H)) are not the melting temperatures for the flux
lattice, or that these theories do not take into account the
flux pinning.

Since the irreversibility temperature line does not ap-
pear to be a vortex-lattice melting line, the question
reduces to whether this is a depinning line or a glass-liquid
phase-transition temperature. Several observations sup-
port the depinning argument. 2' ' T„(H) is strongly
dependent on the rate of temperature changes, on the fre-
quency of magnetic field modulation, ' on the size of
the specimen, and on the pinning strength, d,M as shown
above. At the same time, many of the above observations,
such as the frequency dependence and the pinning-
strength effect on T„(H), can also be shown to support the
glass-liquid transition model. " Thus, it is still difficult
to conclusively argue for one model or the other. With the
hope of clarifying this situation, we have examined the
temporal decay of the hysteresis width in these oxides.
The detailed results are discussed elsewhere and pertinent
results are briefly summarized below.

Fisher predicted that the critical current of a supercon-
ductor at a temperature below Tg(H) should decay,
J, -AM-(lnt) 'i" as time t 00, where p ~ 1. In or-
der to examine this prediction, we followed the procedure
described earlier for flux-creep measurements. Several
measurements of hM(t) were made near the transition
temperature (2-5 K below T„) at 0.5 and 1 kG for Bi
2:2:1:2and Bi 2:2:2:3,and at 10 and 20 kG for the speci-
mens of pure Y 1:2:3. BM(t) was measured for times up
to —1.4x10 s.

As shown in Figs. 3(a) and 3(b), for the Bi oxide speci-
mens at these low fields, we found that hM(t) decayed
with a logarithmic and then an exponential time depen-
dence for the intermediate period and for r ~, respec-
tively. These are essentially the forms which are predicted
by Griessen et al. for thermally activated flux creep, i.e.,
AMcclnt for small t and ~e ' for t 00. On the other
hand, since, as shown in Fig. 3(a), hM 0 for large t, we
consider that this satisfies the condition t ~ for the
Fisher relationship to be applicable. However, as clearly
shown in Fig. 3(c), the moment does not decay as predict-
ed by the glass-liquid transition model, i.e.,
AMcx(lni) 'i". Thus, it appears that the decay of
AM(t) [—J,(t)] follows the conventional flux-creep mod-
el for the Bi oxides at this temperature and field regime.
However, for Y 1:2:3, it was very difficult to achieve the
condition dM(i) 0 within a practical period, and it was
difficult to determine whether Fisher's or the flux-creep
model's predicted relationship was obeyed.

In summary, our measurements of the irreversibility
temperatures T„(H) for Bi 2:2:1:2, Bi 2:2:2:3, and pure
and substituted Y 1:2:3 oriented powders confirm that
T, (H) is essentially the same as the resistive transition
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FIG. 3. An example of the temporal dependence of the mag-
netic moment dM(H, T) for the Bi 2:2:2:3 at T=-T, (H)
(T 67 K and H 1 kG). (a) and (b) are the same data plotted
to show a logarithmic and an exponential temporal dependence,
respectively. (c) is also the same data as in (a) and (b), but it is

compared to the prediction by Fisher (Ref. 11), i.e., AM
a: (In')

TR (H), the melting TM (H), and the glass-liquid
transition Tg (H) (Ref. 13) temperatures. The results
suggest that these temperatures are a manifestation of the
depinning line in the 0-T plane rather than of the lattice
melting or the glass-liquid transition temperature predict-
ed by theories.
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