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K), are reported. The zero-field-cooled and field-cooled magnetization curves coincide above a
temperature T;„which scales with the applied field as
. The magnetization curves in the irreversible region scales; the scaling field is a simple function of geometrical factors and critical
currents. The magnetization above T, is not linear with the field, suggesting magnetic correlations in the Cu02 layers in the normal state.
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I. INTRODUCTION
,

Superconducting oxides such as Tl-Cu-Ba-Cu-0 exhibit
a variety of interesting features which depend on their
Electrical resistivity and magnetization
composition.
studies of polycrystalline
samples of T12CazBa2Cu30io
(2:2:2:3) have already been published;3 however, to the
best of our knowledge, little work has been reported to
date on the reversibility and irreversibility properties of
these systems. From a technical standpoint, these propertiers have great significance in high-T, compounds. The
temperature, T;„, which is defined as the temperature
which separates reversible and irreversible regions, is
magnetic-field dependent and scales with the applied field
The exponent n varies considerably in high-T, sysas
tems.
In the present paper we present a detailed study of the
reversible and irreversible properties of the new 2:2:2:3
system with T, =113 K. %'e find in general that the qualitative magnetic behavior of this system is very similar to
The irthat found in other high-T, superconductors.
reversibility line is pushed to relatively low temperatures
compared to, for example, Y-Ba-Cu-O. An interesting
and intriguing feature of the present data is that all magnetization curves scale below T;„. The Meissner fraction,
that is, the field-cooled moment normalized by —I/4tr,
depends strongly on the field applied during the experiment.
Even in the low-field limit its value is relatively
small compared to other high-T, systems, which means
that most of the fiux is trapped during the cooling procedure. Above T, the magnetic moment is not linear with
the applied field; the nature of this behavior will be discussed.
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reroom temperature.
X-ray-powder diffractomemetry
vealed the presence of two phases, the majority phase
(more than 90%, the 2:2:2:3 phase) and the minority
phase (less than 10%) T12CaBazCu20s (2:1:2:2 phase).
The lattice parameters
for the 2:2:2:3 phase are
a 3.827(2) A and c -36.18(2) A in complete agreement
with Ref. 2. The dc susceptibility measurements
on a
solid ceramic piece were carried out in a commercial SHE
SQUID magnetometer in various fields 3.5 Oe
kOe as a function of temperature in the range of 5-180 K.
The magnetization was measured by two diff'erent procedures: (a) The sample was zero-field cooled (ZFC) to 5
K, a field H was applied, and the magnetization of the
shielding branch was measured as a function of temperature. (b) The sample was field cooled (FC) from above T,
in a field H and the Meissner branch was measured.
From magnetic measurements we have clear indications
that the state of our Tl material is metastable on a time
scale of months at room temperature. It is also possible
that low-temperature thermal cycling during the various
measurements affects the composition stability. The measurements reported here have been performed on a fresh
sample (within one week of preparation).
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II. EXPERIMENTAL DETAILS
The sample of nominal composition

Q -0.1S

T12Ca28a2Cu30)0

(2:2:2:3 phase)

was prepared by thoroughly mixing and
grinding appropriate amounts of T1203, Ba02, CaO, and
CuO, pressed into a pellet and put into an alumina crucible in an oven preheated to 890 C. There it was reacted
for 10 min in flowing oxygen and then furnace cooled to
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FIG. 1. ZFC and FC magnetic moment at 3.5 Oe for the
2:2:2:3phase.
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III. EXPERIMENTAL RESULTS AND DISCUSSION
I

The ZFC and FC magnetic curves for ceramic 2:2:2:3
phase measured at 3.5 (5) Oe are shown in Fig. 1. The onset of T, deduced from these curves is 113 K, in good
agreement to 114 K obtained in single crystal with the
same composition. ' For this relatively low field, there is
no coincidence region between the curves in the neighborhood of T, . The shielding (ZFC) diamagnetic value after
sample demagnetization
correction approaches 96% of
—I/4x, and the volume Meissner fraction is only 8% of
the ZFC value. This means that even in a field as low as
this the fiux expulsion is very incomplete and most of the
magnetic fiux is trapped and pinned during the cooling
process.
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FIG. 3. ZFC and FC magnetization at 2. 5 kOe. The inset
shows the linear relation between MzFc and T

A. The XFC branch

In the ZFC branch of Fig. 1 a sharp decrease in the
diamagnetic moment is observed at around 77 K. At 90 K
a second step is observed and the rate of decrease is reduced until diamagnetism disappears at T, . We denote
the first temperature as T, and the second as T (Fig. 2).
It might be thought that these two temperatures would be
associated with superconducting transitions, 113 and 95
K, the two phases existing in the sample. However the
small amount (less than 10%) of the 2:2:1:2phase cannot
explain the relatively large step (70%%uo) in the magnetization between 77 and 90 K.
Following Krusin-Elbaum etal. , who observed similar behavior in Y-Ba-Cu-0 single crystals, we suggest that
T, is the first temperature where the applied field equals
H, and fiux easily penetrates the sample. T is the temperature at which the external field penetrates the entire
bulk for the first time.
Figure 2 exhibits M/H ZFC curves for several low applied fields. It is obvious that both T, and T* shift systematically to lower temperatures with increasing H. T, i
is 68 and 62 K, and T is 86 and 82 K, for H 10 and 25
Oe, respectively. At higher fields the curve is too smeared
to allow reasonable determination of T, and T . It is apparent from Fig. 2 that even in the low-field and low~
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temperature limit, M is not linear with H. Two sources
contribute to H, ~, ' the grains and the bulk. We attribute
this deviation from linearity to fiux penetration due to
weak intergranular links. In other words, the "granular"
Hf~ value is lower than 10 Oe. The bulk H, value averaged over all crystallographic directions is deduced from
the variation of T, ~. Assuming the regular parabolic
dependence of H,' with the reduced temperature, we estimate H, to be on the order of 50 Oe at low temperatures.
Figure 3 exhibits typical ZFC-FC curves in an applied
magnetic field in the kOe region. In this field range the
ZFC curves behave in quite a diH'erent manner. For a
wide range of temperatures the magnetization is propor— This is demonstrated in the inset of
tional to T
Fig. 3 which shows several ZFC curve fits on a log-log
scale for various fields between 2. 5 and 30 kOe.
To explain this intriguing behavior we use the expression for the ZFC magnetization, MzFc, given in Ref. 11
where an extended Bean model'3 yields two additive contributions to MzFC. from H, and from J, . The relative
weight of each term depends on the details of the temperature dependence of H, and J,.
It is expected that at
to MzFC
high fields (H»H, ~) the main contribution
comes from J, . Thus, the inset of Fig. 3 suggests that
J, ca T . At higher temperatures a deviation from
linearity is observed, since J, (H) is very small and no
longer dominates the temperature dependence.
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FIG. 2. ZFC magnetic-susceptibility curves at diA'erent magnetic fields. Note the shift to lower temperatures of T, and T*.
~

Figure 4 exhibits FC curves for various high external
fields. The most striking feature is the upward turn of the
magnetization
at low temperatures.
For the high-field
limit the diamagnetic signal disappears and a positive moment is observed. Similar "reentry" phenomena have alIt is asready been observed in other high-T, systems.
sumed that the magnetization (MFC) in the superconducting region is composed of three sources: (i) The diamagnetic shielding moment; (ii) trapped fiux; (iii) a paramagnetic contribution from Cu in the matrix. The inset of
Fig. 4 summarizes the values of the volume Meissner frac-
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FIG. 4. FC m agnetization curvess aat various magnetic fields.
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raction {MF) as a
function of the applied field.
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D. Magnetizatioll curves
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C. Irreversibility
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where r 10
cm is the average radius of a grain; the
density is 3 g/cm . J, has an error of 20% due to the un-

certainty of r.
Qualitatively, very similar curves to Fig. 6 are obtained
at various temperatures, allowing us to scale all the magnetization curves using a simple procedure. %'e scale the
field axis with
„, the field for which M reaches its
maximum value
„; similarly, we scale the M axis with
Mm, „. The result of this scaling for several temperatures
is exhibited in Fig. 7. Perfect scaling is obtained for fields
and temperatures in the irreversible regions. Clear deviations from scaling are observed for fields and temperatures
in the reversible range above the irreversibility line of Fig.
5. A complete description of this phenomenon will be
published elsewhere.

H,
M,

E.

Nonlinear magnetization

above

T,

The temperature dependence of the normal-state magnetic susceptibility (M/H) for various fields is shown in
Fig. 8. It is apparent from this figure that the magnetization does not vary linearly with H. The field dependence
of the susceptibility at 170 K is given in the inset. The
nonlinear behavior exists up to 40 kOe, the highest field
used. M/H depends strongly on temperature in contrast
to that of single-phase Y-Ba-Cu-O. '6 Each of the curves
in Fig. 8 can be fitted by a Curie-Weiss law plus a constant term, i.e., M/H(T)
go+ C/(T — For example,
for H 1 and 2. 5 kOe, go 2. 3x10
and 4.7x10
emu/mole, C 0.59 and 0.63 emu/mole, and 8 11 and
—16 K, respectively. In general, go depends strongly on
the applied field. It decreases by more than an order of

6).
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Parkin, V. Y. Lee, E. M. Engler, A. I. Nazzal, T. C.
Huang, G. Gorman, R. Savoy, and R. Beyers, Phys. Rev.

Lett. 60, 2539 (1988),
2S. S. Parkin, V. Y. Lee, A. I. Nazzal, R. Savoy, T. C. Huang,
G. Gorman, and R. Beyers, Phys. Rev. 38, 6531 (1988).
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FIG. 8. Temperature dependence of magnetic susceptibility
measured at various fields above T, . In the inset: The variation
of the susceptibility with the applied field is shown.

magnitude over the magnetic-field regime of the present
study, while the Curie constant increases slightly with
field. Similar field effects were also observed in Y-BaCu-O. s From the above values of the Curie constants we
derive P,ff 1.26pg (Cu atom) which corresponds to a
fraction of 73% spin- 2 local moments of the Cu + ions
(1.71ps). It means that the Curie-Weiss contribution to
the susceptibility is intrinsic to the (2:2:2:3) single phase,
and does not arise from impurity phases, since such a
large concentration of an impurity phase would be easily
visible in the x-ray-diffraction pattern.
It would be edifying to discover the source of the nonlinear magnetization behavior exhibited in Fig. 8. The existence of ferromagnetic impurities is excluded for the following reasons: (i) The nonlinear behavior continues at
least up to 40 kOe (not shown in Fig. 8) and to relatively
-300 K. No existing ferromagnetic
high temperatures
co~pound with such a high Curie temperature which is
not saturated at low temperatures at 40 kOe. (ii) To the
best of our knowledge, there is no compound containing
some of all the elements that constitute the 2:2:2:3 phase
which is ferromagnetically
ordered at about 300 K. We
'
magnetic correlations
may assume that as in La2Cu04,
in the Cu02 layers persist in the compound well above T, ;
their nature is now being studied.
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