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We have measured the temperature dependence of the reversible magnetization of a four-layered cuprate
TlBa2Ca3Cu4Oy (Tl-1234) for theH ic axis, which has the highest superconducting transition temperatureTc of
almost 130 K among the four-layered cuprates. The reversible magnetization was analyzed by using the
high-field scaling theory and the Hao-Clem model. It was found that in the critical region aroundTc, two-
dimensional fluctuations dominate. This enhanced 2D behavior can be naturally explained by selective doping
model, where doping levels of the inner and outer CuO2 planes in a unit cell are different. From these analyses,
various thermodynamic parameters, such as the coherence length, the penetration depth, the critical fields, and
the Ginzburg-Landau parameter were obtained.
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I. INTRODUCTION

Experimentally, it is known that the superconducting tran-
sition temperaturesTcd for multilayered high-Tc supercon-
ductors does not monotonically increase with the number of
CuO2 layersn. TheTc increases withn up to n=3, but then
starts to drop atn=4.1,2 This is in sharp contrast to the gen-
eral expectation thatTc increases whilen increases, suggest-
ing that the charge carriers were not distributed equally in
every CuO2 plane within a unit cell.3

The inequivalent distribution of the charge carriers in dif-
ferent CuO2 planes was confirmed by the Cu-NMR
experiment4 for Hg- and Cu-based high-Tc cuprates withn
=3, 4, and 5. According to this experiment, the local-hole
doping levelsNh can be different on the inner square planes
(IP) and the outer pyramidal planes(OP). For compounds
with n=3 where CuO2 planes in a unit cell consist of one IP
and two OP’s,NhsIPd and NhsOPd are almost the same and
both exhibit nearly optimal hole contents. On the other hand,
for compounds withn=4 or 5, OP is predominantly in an
overdoped state while IP remains either optimal or under-
doped. Consequently, “microscopic”Tc of the OP and of the
IP differ from each other by this selective doping. Thus, the
compound withn=3 shows the maximumTc and the com-
pounds withn=4 have lowerTc, along with a reduced inter-
layer coupling. This proposes that a reduction inTc with
increasingn is associated with an increase inDNh=NhsOPd
−NhsIPd. Quite recently, the coexistence of the superconduc-
tivity and the antiferromagnetism in Hg-1245 was observed
in the NMR experiment. This revealed that one of the IP and
OP became extremely underdoped.5

Tl-based cuprates constitute one of the largest chemical
families of high-Tc superconductors, forming two distinct
structure series with the general formulas
TlBa2Can−1CunO2n+3 fTl−12sn−1dng for single-Tl-O-
layered and Tl2Ba2Can−1CunO2n+4 fTl−22sn−1dng for
double-Tl-O-layered compoundssn=1–4d. So far it is

known that critical current densitysJcd and irreversibility
field sHirrd of the single Tl-O layer compounds are relatively
higher than that of the double Tl-O layers forn=1–3.6

Therefore for the application, the single Tl-O layer com-
pound is more promising compared to the double Tl-O layer
compound. However, these single Tl-O layered compounds
have not been studied in detail due to the lack of phase pure
samples. The toxicity and high vapor pressure of the Tl2O3
has prevented one from synthesizing phase pure Tl-based
compounds. Using a high pressure technique, Iyoet al. suc-
cessfully synthesized high quality Tl-1234 withTc=128 K.7

The Tc of this sample is higher than theTc of 115 K of the
earlier samples.8 The increase ofTc was due to very careful
preparations of a carbon-free precursor. Because of the
above-mentioned reasons, even the basic superconducting
parameters of a Tl-1234 superconductor, such as the charac-
teristic lengths(j andl), the critical fields(Hc andHc2), and
the Ginzburg-Landau parameterk, have not been reported on
the phase pure Tl-1234.

In this paper, basic superconducting parameters are ob-
tained after the analysis of the reversible magnetization of
the grain-aligned high quality Tl-1234 in magnetic fields ap-
plied parallel to thec axis. Ullah-Dorsey’s scaling theory9

and the Hao-Clem model10 were used in the analyses. From
these analyses, we found that a two-dimensional nature is
pronounced for this four-layered Tl-1234, which is a natural
consequence of the selective doping.

II. EXPERIMENTS

The Tl-1234 was prepared in high-pressure conditions.
The detailed process of sample preparation is given
elsewhere.7 This compound has a tetragonal structure
sP4/mmmd with lattice parametersa=b=3.849 Å and c
=19.005 Å. The Farrell method12 was employed in order to
make ac-axis-aligned sample. The powder was aligned in an
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epoxy with an external magnetic field of 7 T at room tem-
perature. The alignment was confirmed by the x-ray diffrac-
tion. All the peaks in the inset of Fig. 1 were indexed as
s00ld, indicating that the grains are well aligned along thec
axis. Figure 1 shows the low field magnetization at 10 Oe
parallel to thec axis. The transition temperatureTc was
found to be 128 K.

The temperature dependence of the magnetization was
measured by using a superconducting quantum interference
device magnetometer(MPMS-XL, Quantum design). The
zero-field-cooled and field-cooled magnetization for the ex-
ternal field range of 1 TøHø5 T were measured.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the revers-
ible magnetization 4pMsTd for various magnetic fields ap-
plied parallel to thec axis. As shown in this figure, the cross-

over point of the magnetization that is a typically feature of
high-Tc, cuprate11,13–16 was observed. The crossover point
occurs atT* =125.2 K and 4pM * sTd=−2.04 G. and this
was due to the enhanced positional fluctuation of vortices, as
predicted by Bulaevskiiet al.17

In the vortex fluctuation model, free energy consists of
two parts. One is due to the static structure of vortices and
the other is the contribution from the positional fluctuation of
vortices. In this framework, the derivative of magnetization
is

]M

] ln H
=

f0

32p2lab
2 sTd

f1 − gsTdg with gsTd =
32p2kB

p0
2s

Tlab
2 sTd,

s1d

wheres is the effective interlayer spacing andf0 is the flux
quantum. The temperatureT* in this model is determined as
gsT* d=1 and the corresponding magnetization is

M * sT * d =
kBT*

sf0
ln

ha

Îe
, s2d

whereh anda are constants of order unity.
The high-field scaling theory suggested by Tešanović et

al.18,19 also predictedM * sT* d=kBT* / sf0 in a quasi-2D
system. However, the calculated values in this theory was
found to be larger than the crystallographic interlayer spac-
ing. This discrepancy was due to the high field approxima-
tion and could be mediated by using a theoretical result of
Koshelev,20 which calculated the contribution of the fluctua-
tion to the magnetization by considering higher Landau lev-
els. In this case, the magnetization at the crossing point be-
comesM * sT* d=skBT* / sf0dm`, where m`<0.346. Using
the values ofM* and T* from our data, we calculateds
=1.78 nm, which is comparable to the crystallographic inter-
layer spacing. The larges indicates that Tl-1234 has a strong
two-dimensional(2D) superconducting character.

Another indication of the 2D nature of the four layer Tl-
1234 is from the high field scaling law proposed by Ullah-
Dorsey. According to Ullah-Dorsey,9 in the critical region
aroundTc the scaling form for magnetization is given by

4pM

sTHdn = FFA
T − TcsHd

sTHdn G , s3d

whereF is a scaling function,A is the temperature and field
independent coefficient, and the exponentn is 2/3 for 3D
and 1/2 for 2D. The inset of Fig. 2 shows the data scaled by
the 2D scaling. For each field, all data collapsed onto a single
curve, consistent with the 2D nature of Tl-1234. This analy-
sis gives Tc=128 K and the slopedHc2/dTc=−2.24 T/K
nearTc. The 3D scaling was not satisfactory.

Far away fromTc, the effects of thermal fluctuations are
less important. In this regime, we used the Hao-Clem model
to analyze the reversible magnetization. Using this model,
several important thermodynamic parameters were obtained.
A detailed description of the method was given in Ref. 10.

Figure 3 and the inset of Fig. 3 show the temperature
dependence of the thermodynamic critical fieldsHcd and the
Ginzburg-Landau parameterskd, respectively. The solid-line

FIG. 2. Temperature dependence of the reversible magnetization
in the field range of 1 TøHø5 T applied parallel to thec axis.
Inset: Two-dimensional scaling of the magnetization aroundTcsHd.

FIG. 1. Temperature dependence of zero-field-cooled(lower
curve) and field-cooled magnetization(upper curve) at 10 Oe. Inset:
XRD for grain-aligned T1-1234. Thes00ld reflections are predomi-
nant in the XRD pattern, which confirms that these grains are well
oriented along thec axis.
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represents the two-fluid model forHc, which yieldsHcs0d
=1.01 T andTc=130.8 K. TheksTd is nearly constant atk
=99.7 up to T=116 K s<0.91Tcd but rapidly increases
above this temperature due to the large thermal fluctuations.
This anomalous behavior is consistent with the high field
scaling by Ullah-Dorsey.

If the value of k is correctly chosen, the Hao-Clem
model21–23 predicts that −4pMsHd curves are scaled by
Î2HcsTd. The inset of Fig. 4 shows the experimental data and
the theoretical curve of −4pM8sHd=−4pM /Î2HcsTd versus
H8=H /Î2HcsTd with k=99.7. All the data are clearly col-
lapsed onto a single curve.

Employing the values ofHcs0d and k obtained from the
Hao-Clem model, we calculated several thermodynamic pa-
rameters. Using the relation ofHc2sTd=Î2kHcsTd,
sdHc2/dTdTc

=2.23 T/K was obtained. According to
the Werthamer-Helfand-Hohenberg formula24 Hc2s0d
=0.5758sk1/kdTcudHc2/dTuTc

, Hc2s0d can be estimated,

wherek1/k is 1.26 in the clean and 1.20 in the dirty limit.
Hc2s0d was 207 T, which corresponds tojabs0d=1.26 nm in
clean limit and 197 T andjabs0d=1.29 nm in the dirty limit.
These values are very much consistent with that of high field
scaling.

Figure 4 shows the magnetic penetration depthflabsTdg in
Tl-1234 that was obtained using the relationlsTd
=kff0/2pHc2sTdg1/2, along with the theoretical calculations
of different models. The solid line and the dotted line repre-
sent the BCS clean limit calculation and an empirical for-
mula, defined bylsTd=ls0d / f1−sT/Tcd2g1/2, respectively.
As shown in this figure, these models reasonably fit the ex-
perimental data. As a result, the derived value oflabs0d is
156 nm with Tc=130.5 K for the BCS clean limit and
150 nm withTc=130 K for the empirical formula.

Table I summarizes superconducting parameters of Tl-
1234 as well as those of other four-layer superconductors

TABLE I. Thermodynamic parameters of three four-layer superconductors deduced from the reversible
magnetization.

TlBa2Ca3Cu4Oy HgBa2Ca3Cu4O10+d CuBa2Ca3Cu4O12−d

Tc sKd 128 (Low field)
130.5(BCS)

125 117

k 99.7 102 127

−sdHc2/dTcdTc sT/Kd 2.23
2.24 (scaling)

2.2 2.3

Hcs0d sTd 1.02 1.1 0.9

Hc2s0d sTd 207 205 196

jabs0d snmd 1.26 1.27 1.28

labs0d snmd 156 157 198

FIG. 3. Temperature dependence of thermodynamic critical field
HcsTd from theoretical fitting. The solid line represents the two-fluid
model. The inset shows temperature dependence of thek extracted
from the Hao-Clem model.

FIG. 4. Temperature dependence of the penetration depthlabsTd
for T1-1234 obtained from the experiment. Dashed and solid lines
representlsTd=ls0d / f1−sT/Tcd4g1/2 and the BCS clean, respec-
tively. Magnetization −4pM8sHd=−4pM /Î2HcsTd versus H8
=H /Î2HcsTd. Solid line represents the universal curve derived from
the model of Haoet al. with k=99.7.
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Hg-1234 (Ref. 25) and Cu-1234(Ref. 11) for comparison.
Before the synthesis of the high quality Tl-1234 supercon-
ductor, theTc andHc2 of Hg-1234 were the best among the
four layer superconductors. However, as shown the Table I,
the Tc of T1-1234 is now the highest. The enhancedTc in
T1-1234 may be due to the high charge carrier density de-
duced from the penetration depth as shown in the table.

IV. SUMMARY

The equilibrium magnetization for a well-aligned T1-
1234 was measured at various fields up to 5 T and various

superconducting parameters were obtained from the Hao-
Clem model and scaling of the high field magnetization. The
fluctuation-induced magnetization shows a pronounced two-
dimensional behavior, which is a natural consequence of the
inequivalent charge distribution within a unit cell.
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