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Interlayer coupling and superconducting properties of the triple-layer compound
B0.6C0.4„Sr0.25Ba0.75…2Ca2Cu3O9
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We report the experimental results on the reversible magnetization of the triple-layer compound
B0.6C0.4~Sr0.25Ba0.75!2Ca2Cu3O9 with Tc.119 K. In comparison with HgBa2Ca2Cu3O81d , which is the same
triple-layer compound, this superconductor showed enhanced interlayer coupling due to relatively short inter-
layer spacing. This feature was reflected by the three-dimensional scaling behavior of the fluctuation-induced
magnetization aroundTc(H). On the other hand, the charge-carrier density calculated from the conventional
theories was significantly smaller than the value on HgBa2Ca2Cu3O81d . The relatively large penetration depth
lab(0)5214 nm of this superconductor might be due to the small carrier density. We conclude that
the competition between enhanced interlayer coupling strength and reduced carrier density make theTc of
B0.6C0.4~Sr0.25Ba0.75!2Ca2Cu3O9 lower than that of HgBa2Ca2Cu3O81d . @S0163-1829~98!01314-9#
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I. INTRODUCTION

Since the discovery of superconductivity in layer
copper-oxycarbonate~BaxSr12x)2Cu11yO212y1d(CO3)12y

~0.4<x<0.65, y;0.1), various oxycarbonate supercondu
ors have been synthesized by a number of groups.1–4 Espe-
cially, Uehara et al.2 reported a homologous serie
~BxCx21)Srn(Ca,Sr)n21CunOy (n51, 2, and 3!. In this fam-
ily, the double- and triple-layer compounds (n52 and 3! are
materials which have superconducting transition tempe
tures as high as;100 K like Bi-, Tl-, and Hg-based super
conductors.

The crystal structure of this series is similar to that of t
Hg-based homologous series HgBa2Can21CunO2n121d ex-
cept for the replacement of Hg by CO3 and BO3. For Hg-
based superconductors, the hole concentration in the C2
planes is determined by an interstitial oxygen defect in
HgOd plane. For the oxycarbonates, the hole-doping le
can be controlled systematically by changing the relat
content of (BO3)

32 and (CO3)
22. Thus, the substitution o

(BO3)
32 for (CO3)

22 causes the charge~hole! transfer into
the CuO2 planes.

In comparison with the Hg-based superconductors,
c-axis lattice parameters of the oxycarbonate series are m
reduced. While the parameters with respect ton are scaled as
c59.513.23(n21) Å for the Hg-based superconductor
the parameters of the oxycarbonate series are scale
c57.413.23(n21) Å. Because a smallc-axis lattice pa-
rameter means a small separation between the CuO2 planes,
the interlayer coupling strengths of oxycarbonate superc
ductors are expected to be strong. It is well known that
interlayer coupling~the interlayer tunneling5,6 or the inter-
layer pairing7,8! plays an important role in high-Tc supercon-
ductivity of the layered materials.9 Thus, it is very interesting
to investigate how the interlayer spacing affects the sup
conductivity of the oxycarbonate series.
570163-1829/98/57~14!/8667~4!/$15.00
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To understand this, we measured the reversi
magnetization of the triple-layer compoun
B0.6C0.4~Sr0.25Ba0.75! 2Ca2Cu3O9~BC-1223! with Tc.119 K.
The magnetization was analyzed using the high-field sca
law proposed by Ullah and Dorsey10 and the Hao and Clem
model.11,12 Here, we concentrate on elucidating the diffe
ences between the superconducting properties of BC-1
and HgBa2Ca2Cu3O81d ~Hg-1223;Tc.135 K!. The number
of the CuO2 planes in these compounds is the same. In t
study, we may understand why and how the superconduc
ity changes for these nearly same-structured materials.

II. EXPERIMENTAL ASPECTS

Details on the sample preparation was given elsewhe4

The sample was synthesized from starting powders
Ba2Ca2Cu3O7, Sr2Ca2Cu3O7, B2O3, and Ag2CO3. Ag2CO3

was used only for a source of CO3. Precursors of
Ba2Ca2Cu3O7 and Sr2Ca2Cu3O7 were prepared by calcining
well-ground mixture of BaCO3~or SrCO3), CaCO3 and CuO
powders in a flowing oxygen atmosphere. The starting m
tures were sealed in a gold capsule and treated at 1100 °C
3 h under 4.5 GPa with a cubic-anvil-type high-pressure
paratus. The samples were subsequently quenched to r
temperature before releasing the pressure. This compo
has a tetragonal symmetry (p4/mmm) with lattice param-
eters ofa53.862 Å andc514.135 Å.

The hole-doping state of this sample is not conclusive y
However, we guess that the negative curvature4 in the tem-
perature dependence of the normal-state resistivity refl
the under-doped state of the sample. However, becaus
the considerably high-transition temperature of the sam
we believe that the doping level is not far from the optim
state.
8667 © 1998 The American Physical Society
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To obtain ac-axis-aligned sample, Farrell’s method13 was
employed. The powder of the sample was passed throu
20 mm sieve to remove possible intergrain coupling, thus
average grain size was expected to be much smaller tha
mm. This fine powder was aligned in commercial epo
~Hardman Inc.! with an external magnetic field of 7 T. Th
size of the permanently aligned sample was approxima
9.5 mm long and 3 mm in diameter. From the x-ray rocki
curve measurement the full width at half maximum of t
~006! reflection was estimated to be less than 2°. The lo
field dc susceptibility measurement reveals the transi
temperature,Tc.119 K, the transition width,DTc.7 K, and
the superconducting volume fraction,Vs.98% of the
sample.

The temperature dependence of magnetization was m
sured in the magnetic-field range of 1 T<H<5 T using a
superconducting quantum interference device magnetom
~MPMS, Quantum Design!. Weak temperature-depende
contributions originated from the epoxy and the param
netic impurities were appropriately subtracted from the
served values by fitting the magnetization curve at the te
perature region of 200 K<T<250 K by C/T1x0.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of the rev
ible magnetization for the various external magnetic fields
1 T<H<5 T parallel to thec axis. In this figure an intrigu-
ing feature is the existence of the crossing point of the m
netization curves atT* .115 K, previously known clear evi
dence for the positional fluctuations of vortices, i.e., t
vortex fluctuation effect.14 This effect causes the magnetiz
tion curves to deviate from the prediction of the mean-fi
theories.15 Thus, quantities such as the upper critical fie
Hc2(T) and the Ginzburg-Landau~GL! parameterk(T)
evaluated by the application of the Hao and Clem mo
base on the GL theory show unphysical increase with te
perature near the crossing temperatureT5T* .

Figure 2 shows the GL parameter as a function of te
perature, obtained from the Hao and Clem model. The ab
increase ofk with the temperature nearT5105 K (.0.9Tc)
is clearly demonstrated. As mentioned above, this is du
the influence of the positional fluctuations of vortices.15,16

However, unlike in the highly anisotropic materials such

FIG. 1. Temperature dependence of the magnetization 4pM (T)
in the field range of 1 T<H<5 T parallel to thec axis.
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Bi-based superconductors,15 the temperature region showin
the anomalous behavior is significantly narrow (T/Tc*0.9),
which implies that the vortex fluctuation effect is severe
the limited temperature region nearTc . This indicates that
BC-1223 might be a rather moderately anisotropic superc
ductor like YBa2Cu3O72d ~Ref. 17! and YBa2Cu4O8,

18,19 be-
cause the vortex fluctuation effect is dominant only for lar
anisotropic cases.15

The anisotropic nature of BC-1223 could be examin
from the scaling behavior of the fluctuation-induced mag
tization for the high-field region. This scaling behavior d
pends on the dimensionality of the system. According to
lah and Dorsey,10 the magnetization in the critical regio
shows the scaling behavior as the scaling variable
A@T2Tc(H)#/(TH)n, where A is a field and transition
temperature-independent coefficient, andn is 2/3 for a three-
dimensional~3D! system and 1/2 for a two-dimensional~2D!
system. As expected, the magnetization scales excellentl
the 3D form. Figure 3 shows the 4pM /(TH)n versus the
scaling parameter@T2Tc(H)#/(TH)n with n5 2/3. All data
of the different fields are collapsed onto a single curve. T
slope2dHc2 /dT5 1.6 T/K nearTc was obtained from this
scaling analysis.

FIG. 2. Temperature dependence of the Ginzburg-Landau
rameterk(T) extracted from the Hao and Clem model. The dash
line represents the average value ofk(T) in the temperature range
of 80 K<T<105 K.

FIG. 3. Three-dimensional scaling of the magnetization arou
Tc(H). From this scaling analysis the slope2dHc2 /dT51.6 T/K
nearTc was obtained.



g-
D

rl
d

o-
tly
on

on
rl
w
n

b
l

sa

ld
a
t

pp
o-

d
l
at

es

bly

tra-

of

ong
we

es

as

eti-

i-

itic
er

pth
nd
ely.

57 8669INTERLAYER COUPLING AND SUPERCONDUCTING . . .
Although the controversy on the dimensionality of H
1223 still exists, it is believed that Hg-1223 is a 2
superconductor20 with the anisotropic ratio ofg.30. Be
aware of the fact that the structure of BC-1223 is nea
same as that of Hg-1223. Thus, it is noticeable that the
mensionality of BC-1223 is 3D. As mentioned in the intr
duction, the interlayer spacing of BC-1223 is significan
shorter than that of Hg-1223. This feature may cause str
interlayer coupling.

For the temperature region of 105 K<T<Tc , the extra
free energy due to the distortions of vortices should be c
sidered to describe the reversible magnetization prope
But the vortex fluctuation effect is less important at the lo
temperature region ofT<105 K. Thus we conjecture that i
this temperature region the system shows the mean-field
havior and the values ofk(T) of Fig. 2 close to the rea
value. If we take thekavg5103 as the average value ofk(T)
in the temperature range of 80 K<T<105 K, then
24pM (H) curves could be represented by an univer
curve with scaling factorA2Hc(T), consistent with the Hao
and Clem model. Figure 4 shows24pM 8524pM /
A2Hc(T) versusH85H/A2Hc(T) of the experimental data
and the theoretical curve.

The inset of Fig. 4 shows the thermodynamic critical fie
Hc as a function of the temperature obtained from the H
and Clem model. The solid and dashed lines represent
BCS result21 and the two-fluid model22 for Hc(T), respec-
tively. The BCS result~the two-fluid model! yields Hc(0)5
0.74 T~0.69 T! and Tc5118 K, which correspond to the
upper critical field slope2(dHc2 /dT)Tc

51.58 T/K. The

value of (dHc2 /dT)Tc
is fairly consistent with the high-field

scaling result. This slope can be used to estimate the u
critical field atT50 using the Werthamer, Helfand, and H
henberg formula.23 From the formula,Hc2(0) is estimated to
be 136 T @jab(0)515.6 Å# assuming the clean limit, an
130 T @jab(0)516.0 Å# assuming the dirty limit. The tota
error of the above superconducting parameters is estim
to be much less than 10 %.

As shown in Fig. 5, the penetration depthlab(T) was

FIG. 4. Magnetization24pM 8524pM /A2Hc(T) vs external
magnetic fieldH85H/A2Hc(T). The solid line represents the un
versal curve derived from the Hao and Clem model, assumingk5
103. Inset: Temperature dependence of the thermodynamic cr
field Hc(T). The solid and dashed lines represent the BCS temp
ture dependence and the two-fluid model, respectively.
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evaluated from the relationl(T)5k@f0/2pHc2(T)#1/2

where f0 is the flux quantum. The solid and dashed lin
represent the BCS clean and dirty limits forl(T), respec-
tively. The estimatedlab(0) is 214 nm for the clean limit,
but 237 nm for the dirty limit. These values are considera
larger thanlab(0)&170 nm of Hg-1223,24–26which implies
that BC-1223 has a small charge-carrier concentrationns

and/or a large electronic effective massmab* in comparison
with Hg-1223, since the zero-temperature London pene
tion depth is proportional to (mab* /ns)

1/2.
It is well known that the interlayer coupling strength5–8

and the charge-carrier concentration within the CuO2 planes
are responsible in determining the transition temperature
the layered superconductors.9 The Tc of BC-1223 is lower
than that of Hg-1223, even though BC-1223 shows a str
3D nature from the enhanced interlayer coupling. Thus
can infer that the relatively lowTc originates from the rela-
tively small charge-carrier concentration within the CuO2
planes.

For the estimation of the carrier concentrationns , the
following relations27 based on the GL and the BCS theori
can be used:

S dHc

dT D
Tc

521.7367S Hc~0!

Tc
D524.23g1/2, ~1!

S dHc2

dT D
Tc

529.5531024g2TcS ns
2/3 S

SF
D 22

, ~2!

whereg is the Sommerfeld constant,S is the Fermi-surface
area, andSF is the Fermi-surface area for a free-electron g
densityns . AssumingS.SF , we obtainedg5663 erg/cm3

K 2 andns52.331021 cm23 from the valuesHc(0), Tc , and
(dHc2 /dT)Tc

. These values are much smaller thang. 1290

erg/cm3 K 2 andns55.531021 cm23 for Hg-1223 calculated
using the values24 of Hc(0)51.17 T, Tc5133.5 K, and
2(dHc2 /dT)Tc

52.2 T/K.

IV. CONCLUSION

The temperature dependence of the magn
zation was measured for the c-axis oriented

al
a-

FIG. 5. Temperature dependence of the penetration de
lab(T) obtained from the Hao and Clem model. The solid a
dashed lines represent the BCS clean and dirty limits, respectiv
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B0.6C0.4~Sr0.25Ba0.75!2Ca2Cu3O9 in the field range of 1 T
<H<5 T. The strong interlayer coupling of this materi
was reflected by the three-dimensional scaling behavio
the fluctuation-induced magnetization and the narrow te
perature region of the prominent vortex fluctuations. T
result originates from the relatively short interlayer spaci
By the application of the Hao and Clem model, we obtain
various superconducting parameters such as the s
(dHc2 /dT)Tc

and the in-plane penetration depthlab(0). Es-

pecially, thelab(0)5214 nm is significantly larger than tha
Y
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of HgBa2Ca2Cu3O81d . This comparison reveals that th
charge-carrier concentration within the CuO2 planes of
B0.6C0.4~Sr0.25Ba0.75!2Ca2Cu3O9 is relatively smaller than tha
of HgBa2Ca2Cu3O81d .
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