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We report the experimental results on the reversible magnetization of the triple-layer compound
By.6Co 4(St 2B8g 75,CaCus0g with T,=119 K. In comparison with HgB&&Cu;Og. 5, 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 around(H). On the other hand, the charge-carrier density calculated from the conventional
theories was significantly smaller than the value on H§BsCu,Og., 5. The relatively large penetration depth
Nap(0)=214 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 niakefthe
Bo.6Co 4(Sp 2Bay 752,CaCus0g lower than that of HgB#Ca,Cu;0g. 5. [S0163-182608)01314-9

I. INTRODUCTION To understand this, we measured the reversible
magnetization of the triple-layer compound
Bo.6Co.4(S1p 2B 75 2Ca,Cu304(BC-1223 with T,=119 K.

The magnetization was analyzed using the high-field scaling
law proposed by Ullah and Dors¥yand the Hao and Clem
model!!'2 Here, we concentrate on elucidating the differ-
ences between the superconducting properties of BC-1223
and HgBaCa,Cu;Og, 5 (Hg-1223;T.=135 K). The number

a(_)f the CuQ planes in these compounds is the same. In this
study, we may understand why and how the superconductiv-
ity changes for these nearly same-structured materials.

Since the discovery of superconductivity in layered
copper-oxycarbonate(Ba,Sr; —,),Cuy 054 2y 4 5(CO5) 1y
(0.4<x=<0.65,y~0.1), various oxycarbonate superconduct-
ors have been synthesized by a number of grdtupE&spe-
cially, Uehara etal? reported a homologous series
(BxCx-1)SK(Ca,Sr),-1Cu,0, (n=1, 2, and 3. In this fam-
ily, the double- and triple-layer compounds= 2 and 3 are
materials which have superconducting transition temper
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 the
Hg-based homologous series H _41Cu, to4s €X-
cegpt for the replacgement of Hg g}%]&lnd nBOén For Hg- Il. EXPERIMENTAL ASPECTS
based superconductors, the hole concentration in the,CuO  petails on the sample preparation was given elsewhere.
planes is determined by an interstitial oxygen defect in ther,q sample was synthesized from starting powders of
HgO; plane. For the oxycarbonates, the hole-doping IevebaZCaZCu307 SKLCaCWO,, B,Os and AgCO,. Ag,COs
can be controllgd systematigally by changing Fhe_ reIativgNas used ’onIy for a 'source, of GO Precursors of
e L L g e e Sebalaon 1B SiCaC0,wereprepared by caiing 3

3 well-ground mixture of BaCglor SrCQ;), CaCO3 and CuO

the CuQ planes. . : : .
In comparison with the Hg-based superconductors, th(g)owders in a flowing oxygen atmosphere. The starting mix-

c-axis lattice parameters of the oxycarbonate series are mudHres were sealed in a gold capsule and treated at 1100 °C for
reduced. While the parameters with respeat tire scaled as > h under 4.5 GPa with a cubic-anvil-type high-pressure ap-
c=9.5+3.2x(n—1) A for the Hg-based superconductors, paratus. The samples were subsequently quenghed to room
the parameters of the oxycarbonate series are scaled H¥nperature before releasing the pressure. This compound
c=7.4+3.2x(n—1) A. Because a smati-axis lattice pa- has a tetragonal symmetryp4/mmn) with lattice param-
rameter means a small separation between the,Qlédes, —eters ofa=3.862 A andc=14.135 A.

the interlayer coupling strengths of oxycarbonate supercon- The hole-doping state of this sample is not conclusive yet.
ductors are expected to be strong. It is well known that thédowever, we guess that the negative curvétimethe tem-
interlayer coupling(the interlayer tunnelitf or the inter- perature dependence of the normal-state resistivity reflects
layer pairind*®) plays an important role in higfi; supercon- the under-doped state of the sample. However, because of
ductivity of the layered materiafsThus, it is very interesting the considerably high-transition temperature of the sample,
to investigate how the interlayer spacing affects the superwe believe that the doping level is not far from the optimal
conductivity of the oxycarbonate series. state.
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_ FIG. 1. Temperature dependence of the magnetizatiok {T) FIG. 2. Temperature dependence of the Ginzburg-Landau pa-
in the field range of 1 £H<5 T parallel to thec axis. rameterx(T) extracted from the Hao and Clem model. The dashed

) ] ] line represents the average valuexdfT) in the temperature range
To obtain ac-axis-aligned sample, Farrell's metHda@vas  of 80 K=T<105 K.

employed. The powder of the sample was passed through a

20 um sieve to remove possible intergrain coupling, thus thesj-based superconductotdthe temperature region showing
average grain size was expected to be much smaller than 2Re anomalous behavior is significantly narrow {.=0.9),
um. This fine powder was aligned in commercial epoxywhich implies that the vortex fluctuation effect is severe in
(Hardman Inc. with an external magnetic field of 7 T. The the limited temperature region ne@i. This indicates that
size of the permanently aligned sample was approximatelgc-1223 might be a rather moderately anisotropic supercon-
9.5 mm long and 3 mm in diameter. From the x-ray rockingquctor like YBaCu0;_ 5 (Ref. 17 and YBaCu,0g, %% be-
curve measurement the full width at half maximum of thecauyse the vortex fluctuation effect is dominant only for large
(006 reflection was estimated to be less than 2°. The lowanisotropic cases.
field dc susceptibility measurement reveals the transition The anisotropic nature of BC-1223 could be examined
temperatureT =119 K, the transition widthAT.=7 K, and  from the scaling behavior of the fluctuation-induced magne-
the superconducting volume fractiorVs=98% of the tization for the high-field region. This scaling behavior de-
sample. pends on the dimensionality of the system. According to Ul-
The temperature dependence of magnetization was megzh and Dorsey® the magnetization in the critical region
sured in the magnetic-field range of I=H<5 T using a shows the scaling behavior as the scaling variable of
superconducting quantum interference device magnetomet@r T—T.(H)]/(TH)", where A is a field and transition
(MPMS, Quantum Design Weak temperature-dependent temperature-independent coefficient, anig 2/3 for a three-
contributions originated from the epoxy and the paramagdimensional3D) system and 1/2 for a two-dimensionaD)
netic impurities were appropriately subtracted from the obsystem. As expected, the magnetization scales excellently on
served values by fitting the magnetization curve at the temghe 3D form. Figure 3 shows themM/(TH)" versus the

perature region of 200 K T<250 K by C/T+ x. scaling parametdfT — T.(H)]/(TH)" with n= 2/3. All data
of the different fields are collapsed onto a single curve. The
. RESULTS AND DISCUSSIONS slope—dH.,/dT= 1.6 T/K nearT. was obtained from this

. scaling analysis.
Figure 1 shows the temperature dependence of the revers- 9 y

ible magnetization for the various external magnetic fields of

1 T<sH=5T parallel to thec axis. In this figure an intrigu- g 00k

ing feature is the existence of the crossing point of the mag- @ i

netization curves af* =115 K, previously known clear evi- 9 I

dence for the positional fluctuations of vortices, i.e., the (‘\5’ 1.0

vortex fluctuation effect” This effect causes the magnetiza- T

tion curves to deviate from the prediction of the mean-field = 4L 5§7 3 ;8; ]

theories®® Thus, quantities such as the upper critical field & [ & & 801 ]

Hq(T) and the Ginzburg-LandadGL) parameterx(T) E [ 82 o 50T

evaluated by the application of the Hao and Clem model < -30[ ]

base on the GL theory show unphysical increase with tem- .E-: ?%

perature near the crossing temperaflireT*. R S .
Figure 2 shows the GL parameter as a function of tem- -0.5 0.0 0.5 1.0

perature, obtained from the Hao and Clem model. The abrupt (T-TC(H))/(TH)2’3(10'3K1’3/Oe2/3)

increase ofc with the temperature nedr=105 K (=0.9T,)

is clearly demonstrated. As mentioned above, this is due to FIG. 3. Three-dimensional scaling of the magnetization around
the influence of the positional fluctuations of vortic8s® T (H). From this scaling analysis the slopedH,,/dT=1.6 T/K
However, unlike in the highly anisotropic materials such asnearT. was obtained.
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FIG. 4. Magnetizatiorr47-rM’=7477M/\/§HC(T) vs external FIG. 5. Temperature dependence of the penetration depth

magnetic fieldH’ =H/+2H.(T). The solid line represents the uni- an(T) obtained from the Hao and Clem model. The solid and
versal curve derived from the Hao and Clem model, assuming  dashed lines represent the BCS clean and dirty limits, respectively.
103. Inset: Temperature dependence of the thermodynamic critical .
field H.(T). The F;olid and d:shed lines represent the )I;CS temperaevaluated_ from the relationA(T)= K[_¢0/27TH62(T)]1/2_
ture dependence and the two-fluid model, respectively. where ¢ is the flux quantum. The solid and dashed lines
represent the BCS clean and dirty limits fo¢T), respec-

Although the controversy on the dimensionality of Hg- tively. The estimated ,,(0) is 214 nm for the clean limit,
1223 still exists, it is believed that Hg-1223 is a 2D but 237 nm for the dirty limit. These values are considerably
superconductdf with the anisotropic ratio ofy=30. Be larger tham ,,(0)=<170 nm of Hg-1223}"?which implies
aware of the fact that the structure of BC-1223 is nearlythat BC-1223 has a small charge-carrier concentratign
same as that of Hg-1223. Thus, it is noticeable that the diand/or a large electronic effective masg§,, in comparison
mensionality of BC-1223 is 3D. As mentioned in the intro- with Hg-1223, since the zero-temperature London penetra-
duction, the interlayer spacing of BC-1223 is significantlytion depth is proportional tong%,/ng)"/2.
shorter than that of Hg-1223. This feature may cause strong |t is well known that the interlayer coupling strength
interlayer coupling. and the charge-carrier concentration within the Gyilanes

For the temperature region of 105KI'<T_, the extra are responsible in determining the transition temperature of
free energy due to the distortions of vortices should be conthe layered superconductordhe T, of BC-1223 is lower
sidered to describe the reversible magnetization properlythan that of Hg-1223, even though BC-1223 shows a strong
But the vortex fluctuation effect is less important at the low-3D nature from the enhanced interlayer coupling. Thus we
temperature region of <105 K. Thus we conjecture that in can infer that the relatively loW, originates from the rela-
this temperature region the system shows the mean-field bévely small charge-carrier concentration within the GuO
havior and the values ok(T) of Fig. 2 close to the real planes.
value. If we take thec,,,=103 as the average value ofT) For the estimation of the carrier concentratiog, the
in the temperature range of 80 KI<105 K, then following relationg’ based on the GL and the BCS theories
—47M(H) curves could be represented by an universakan be used:
curve with scaling factox/2H(T), consistent with the Hao
and Clem model. Figure 4 shows-47M’'=—-47M/ (dHc> __ 36{H°(0)) = 4.3\ 1)
J2H(T) versusH’ =H/\2H(T) of the experimental data dT /. ' Te ' '
and the theoretical curve.

The inset of Fig. 4 shows the thermodynamic critical field dH,,
H. as a function of the temperature obtained from the Hao ( aT
and Clem model. The solid and dashed lines represent the

BCS resuft' and the two-fluid modéf for H.(T), respec-  \horey i - -
. ) . v is the Sommerfeld constar,is the Fermi-surface
tively. The BCS resultthe two-fluid mode)l yieldsHc(0)= area, ands; is the Fermi-surface area for a free-electron gas
0.74 T(O'.6.9 D _and Tc=118 K, which correspond to the densityng. AssumingS=Sg, we obtainedy=663 erg/cnt
upper critical field sIope—(dchldT)TC=1.58 T/K. The K 2 andn,=2.3x 1021 cm 2 from the value$d(0), T,, and
value of (d Hc2/dT)TC is falrly consistent with the hlgh-fle'd (d HCZ/dT)TC' These values are much smaller th)a:ﬁ 1290
scaling result. This slope can be used to estimate the uppekg/cn? K 2 andng=5.5x10%' cm ™2 for Hg-1223 calculated
critical field atT=0 using the Werthamer, Helfand, and Ho- ysing the valueéé of H,(0)=1.17 T, T,=133.5 K, and
henberg formul&’ From the formulaH,(0) is estimated to  — (dH_,/dT); =2.2 T/K.
be 136 T[£,,(0)=15.6 A] assuming the clean limit, and ¢
130 T[£,,(0)=16.0 A] assuming the dirty limit. The total
error of the above superconducting parameters is estimated
to be much less than 10 %. The temperature dependence of the magneti-
As shown in Fig. 5, the penetration depth,(T) was zation was measured for thec-axis oriented

-2
) =—9.55x 1024y2TC< n§’3§) , %)
TC

IV. CONCLUSION
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Bo.6Co.4(Sty 2Ba9.792CaCu0q in the field range of 1 T of HgBaCaCuOg, 5. This comparison reveals that the
<H<=5 T. The strong interlayer coupling of this material charge-carrier concentration within the CuQlanes of
was reflected by the three-dimensional scaling behavior oBg.¢Co.4(Sh 2B 8 79.CaCw0y is relatively smaller than that
the fluctuation-induced magnetization and the narrow temof HgBaCaCu;Og. 5.

perature region of the prominent vortex fluctuations. This

result originates from the relatively short interlayer spacing. ACKNOWLEDGMENTS
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