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Two-dimensional nature of four-layer cuprate superconductors
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The magnetization of the four-layer superconductor GaBgCu,0;,_ s with T,=117 K is presented. The
high-field magnetization arourit,(H) follows the exact two-dimensional scaling function given byaresic
and Andreev. This feature is contrary to the inference that the interlayer coupling becomes strong if the number
of CuG, planes in a unit cell increases. Also, the fluctuation-induced susceptibility in the low-field region was
analyzed by using the modified Lawrence-Doniach model. The effective number of independently fluctuating
CuG; layers per unit cellges;, turned out to be=2 rather than 4, which indicated that two among the four
CuG, layers were in states far from their optimal doping levels. This result could explain why
CuBgCaCu,0,5_ 5 shows two-dimensional behavior.
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I. INTRODUCTION Hg-1234 to be about 52. These results implying a weak in-
terlayer coupling are consistent with our viewpoint that the
Within a highT. homologous series, thE, is expected to  inequivalent distribution of holes can effectively cause a
increase with the number of Cu(planes per unit celln,  large interlayer spacing.
because an increaserimmeans an increase in the number of  The above studies prompted an examination of whether or
CuQ, planes per unit volume and thereby increases in théot an inequivalent distribution of holes is a common feature
charge-carrier density and the coupling between the conducta four-layer cuprates. With this aim, we measured the re-
ing planes. In fact, th@, increases witm within a highT.  versible and fluctuation-induced magnetization of another
family. However, this tendency does not persist abovdour-layer system CuB&aCu,0;, 5 (Refs. 6-10 (Cu-
a certain value of n. For example, within the 1234 with T,=117 K. The main difference between Cu-
HgBa,C3,_1Cu,0,,,. 5. s family, the T, increases witmup 1234 and Hg-1234 lies in the structure of the charge reser-
to n=3, but forn=4 the value is lower by about 10 K in Voir block (CRB). While the CRB of Hg-1234 consists of a
comparison with the value far=3. double rock-salt blockBaOJ][ HgOs][ BaOJ(6<1), Cu-1234
For compounds witn=3, the unit cells contain two contains a Cu@ ; plane instead of a HgPplane in the
structurally different Cu@ planes. In the case of block. Thec-axis parameter of Cu-1234 is shorter than that
HgBa,Ca;,Cu, 040, s (Hg-1234, among the four layers, two of Hg-1234 by about 1 A due to the relatively thin CRB.
layers contain Cu with square-planar coordinatitype-A),  TheT., 117 K, of Cu-1234 is known not to vary even after
and the other two contain Cu with pyramidal coordinationpost annealings under various conditihs.
(type-B). Yamauchi and Karppinénclaimed from their In this paper, our intention is to elucidate the dimensional
bond-valence-suniBVS) calculations that the charge carri- nature and the superconducting properties of Cu-1234. The
ers can be inhomogeneously distributed between type-A andieasured magnetization data were analyzed using the high-

type-B CuQ planes and that the holes may be concentratedield scaling theory proposed by Te®vic and Andreev?
mainly in the type-A Cu@ planes. the modified Lawrence-Doniach modér'® and the Hao-

As a consequence of the inequivalent hole distributionClem model®~?° From these analyses, we found that Cu-
the “microscopi¢ T.'s of the type-A and type-B planes will 1234 had a strong 2D nature which was caused by an effec-
differ from each othef. The difference between the lower tive reduction of the number of CyOplanes due to an
and the highefT.'s becomes severe as the degree of imbalinequivalent hole distribution. Especially, the application of
ance in the hole distribution increases. Thus, at temperaturége Lawrence-Doniach model to our data gave a direct evi-
around the higheF ., one of the two different kinds of CuO  dence for the inequivalent hole distribution.
planes does not play the role of a superconducting layer by
itse[f; hencg the interlayer spacing in the system can be ef- Il. EXPERIMENTS
fectively quite large.

In our previous works;* we demonstrated that in high- The details on the sample preparation under a high-
field region, the thermal fluctuations of Hg-1234 show two-pressure condition¢4 Gpa) are given elsewhet&The lat-
dimensional(2D) scaling behavior around@(H). Further- tice parametera=b=3.858 A andc=17.98 A, were ob-
more, the strong anisotropic nature of this compound wasained from x-ray diffraction. To obtain &-axis aligned
observed through magnetic torque measurements by Zesample, we employed the Farrell mettfSdFirst, we passed
et al® They reported the anisotropy ratig/=\./\,,, of  the powder of the sample through a 20 sieve to filter out
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TABLE I. Thermodynamic parameters of CufaeCu,Oq5_ s
and HgBaCaCu,0;, s superconductors deduced from the revers-
ible magnetization.

g CuBgCaCuy0;,- 5 HYB3,CaCUy010; 5
= T(K) 117 125
= K 127 102
H:(0)(T) 0.9 1.1
He2(0)(T) 196 205
70 75 8 85 90 95 100 105 110 £an(0)(A) 12.8 12.7
Nap(0) (nm) 198 157

FIG. 1. Temperature dependence of the thermodynamic critical
field H.(T) extracted by using the Hao-Clem model. The solid linewas evaluated by using the relationship = «(¢o/
represents the BCS temperature dependendd 6T). The inset 2mH,) Y2, as shown in inset of Fig. 1. The solid line in the
shows the temperature dependence of the penetration Nggff),  inset represents the penetration depth(T) in the clean
and the theoretical curvsolid line) assumes the BCS clean limit. limit with X\ ,,(0)=198 nm. In Table I, all these parameters

are summarized along with those of Hg-123dr compari-

grains with multidomains. This fine powder was aligned inson. With this preliminary information, we now proceed to
commercial epoxyHardman, Ing. under an external mag- study other superconducting properties of Cu-1234.
netic field of 7 T. The dimension of the permanently aligned Figure 2 shows the irreversibility line of Cu-123dpen
sample was approximately 9.5 mm in length and 3 mm incircles obtained from the dc magnetization curvesM (T)
diameter. From the x-ray rocking-curve measurement, théor 0.1 T<H<5 T. To obtain the line, the irreversible tem-
full width at half maximum(FWHM) of the (006) reflection  peratureT;,(H) was defined as a temperature where a simple
was found to be less than 2°. The temperature dependence @ifterion M. /M ,=0.99 holds, wherd;. and M, are the
the magnetization was measured in the magnetic field randiéeld-cooled and the zero-field-cooled magnetization, respec-
of 0.05 T<=H<5T by using a SQUID magnetometer tively. The open squares in the figure denote the data for
(MPMS, Quantum Design Hg-1234. We note that the irreversibility line of Cu-1234 is

For high fields, quite weak background contribution origi- shifted to higher temperature in comparison with that of Hg-
nated from the diamagnetic epoxy and the paramagnetic imt234. This implies that the vortex pinning in Cu-1234 is
purities were appropriately subtracted from the observed valmore effective. It is generally accepted that a strong inter-
ues by fitting the magnetization curve at the high temperaturéyer coupling gives rise to a strong flux pinniffigAs men-
region of 200 KT<300 K by C,/T+C,, whereC, and tioned in the Introduction, the interlayer spacing of Cu-1234
C, are the constants which linearly depend on external fieldis smaller than that of Hg-1234. We conjecture that this
For H=5 T, the value ofC, is about—0.8 G. The Curie- causes an enhanced interlayer coupling.
type signal was significantly small in comparison with the Because the interlayer coupling of Cu-1234 is rather
diamagnetic constant background. strong, one can expect a more enhanced superconductivity.
However, the transition temperature of Cu-1234 is lower
than the value of 125 K for Hg-1234 by 8 K. Not only the
interlayer coupling strengtfi~>°but also the carrier concen-
Various thermodynamic parameters characterizing Cu-

Ill. RESULTS AND DISCUSSION

1234 were evaluated by applying the Hao-Clem model to the 6 T T —— T T
reversible magnetization measured in the field range 1 T ! ]
<H<5 T parallel to thec axis of the sample. Figure 1 SF —o— Cu-1234 '
shows the temperature dependence of the thermodynamic JF —o He-1234
critical field H.(T) obtained from the above analysis. In this ~ f ]
figure, the solid line represents the BCS temperature depen- e 3k 3
dence ofH..?® This model yieldsH,(0)=0.9 T and T, E'E ! ]
=117 K, which corresponds to a slope afH./dT= 2 F =
—129 Oe/K near T.. Using the relationshipH:,(T) : ]
= 2kH(T) and employingx=127, which was deduced 3 E
from the Hao-Clem model analysis, we estimated the upper 0 b TS ]
critical field slope as cdchldT)TC= —2.3 T/K. This slope 02 03 04 05 06 07 08 09 1.0
can be used to calculate the upper critical field at zero tem- T/T

perature by using the Werthamer-Helfand-Hohenberg ¢

formula?* and H_,(0) was estimated to be 196 [E,,(0) FIG. 2. lIrreversibility lines of CuBgaCu,0p, s and

=12.8 A] in the clean limit. The penetration dep(T) HgBa,CaCu,O4p; 5 .-
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FIG. 3. Temperature dependence of the magnetizatiokl 4T) FIG. 4. Temperature dependence of the fluctuation-induced sus-

aroundT,. The solid lines represent theoretical curves obtained byceptibility x(T) for Cu-1234 and Hg-1234. The solid lines repre-
using the exact scaling function proposed by dresvic and An-  sent the modified Lawrence-Doniach model for a 2D system.
dreev[O 1T, 02T),ABT),V(@4T),and<® (5T)]. The inset
shows 2D scaling of the fluctuation-induced magnetizationDorsey” was less satisfactory. As stated before, the inter-
47M(T,H). layer coupling of Cu-1234 is enhanced compared with that of
Hg-1234. However, the above scaling result indicates that in
tration is known to be responsible for determining the tran-spite of the smaller interlayer distance, the coupling strength
sition temperature of layered superconduct8rhus, it is  of Cu-1234 is still weaker than those of 3D superconductors
plausible that the relatively low. of Cu-1234 compared to sych as YB3Cu0, and YBaCwO, .
that of Hg-1234 is due to a low carrier density within the  Finally, we measured the temperature dependence of the
conducting planes. The longer penetration depth of Cu-1234jyctuation-induced magnetic susceptibility at fields of 500
Nap(0)=198 nm, than that of Hg-1234 might support this and 1000 Oe, as shown in Fig. 4. In the modified Lawrence-

postulation. Doniach model, the fluctuation-induced diamagnetic suscep-
Previously, we reported that Hg-1234 is a strong 2Ditibility in a 2D system is given by

superconductot? The direct evidence for this was based on

a scaling analysis of the fluctuation-induced magnetization in ke TE2,(0) [ T,
the high-field region. The same analysis using the high-field XgD(T)= — Oeff > T—T ) 3
scaling function was applied to Cu-1234. In the high-field 3ps ¢

limit, according to Téanovicand Andreev}? the exact scal-

ing function for a 2D system is given by wheres is the c-axis repeat distance amy is the effective

number of independently fluctuating CaiQayers per unit

’ cell.
M(H,T) doHcod =x—X%+2, (1) The solid lines of Fig. 4 represent least-squares fits of Eq.
VHT A (3) in the temperature range @t>T.. From this analysis,

where A is a constant,x=A[T—T(H)]/(TH)Y2 H,, we obtain gechkBg*{g(ﬁSSZLl'?X 10_8_ and Te
=(dH.,/dT)t, andd is the effective interlayer spacing. To =116.4 K. If we employs=17.9 A andger—4, then the
c2 Ter _ Yer spacing. coherence length,,(0) is estimated to be 7.3 A . However,
compare the theory with our data, we used a modified formyis value is significantly smaller than the value &j,(0)
of Eq. (1): =12.8 A obtained from the Hao-Clem model and the high-
field scaling analyses. This discrepancy strongly implies that
ﬂ*: ;{1_ —h+ \/m}’ ®) the_value ofgess is less than four. For comparison, we reex-
M amined the temperature dependence of the fluctuation-
) o . induced magnetic susceptibility of Hg-1234, which is also
where M* is the field-independent magnetizatidi' > shown in Fig. 4. The,,(0) for Hg-1234 is estimated to be
which is observed at a certain temperatifé(<Tc), 7 9.6 A based on the modified Lawrence-Doniach model. This
=(T=T*)/(Tc—T*), andh=H/H,(T*). Figure 3 shows yaue is also smaller than the value &f,(0)=12.7 A pre-
our attempt to fit the fluctuation-induced magnetization datasgnted in Table |I.
by using Eq.(2) with the experimental values ofmM* = A possible scenario to explain these experimental results
—1.8 G andT* =114 K. The scaled magnetization curvesis as follows: For Cu-1234 and Hg-1234, among the four
for various values of the field are shown in the inset of Fig.conduction layers, two CuQayers are bridged to the charge
3. Thg so'lid lines represent the theoretical curves. Thig$eservoir block by apical oxygen. However, the other two
analysis givesT;=117 K and @H.,/dT)r =—-2.27 T/K,  |ayers have an infinite-layer structure without apical oxygen.
which are fairly consistent with the results from the Hao-This structural feature might cause the imbalance in the
Clem model analysis. On the other hand, the fit using the 3@harge-carrier concentration between the two different kinds
version of the scaling function proposed by Ullah andof CuO, planes, as suggested by the BVS calculatitfrone
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of the two kinds of Cu@ layers is in a strongly overdoped gion in theH-T phase diagram is more broader, which origi-
(or underdoped state, the superconductivity in the layers nates from enhanced interlayer coupling due to the relatively
could be highly suppressed. In this context, one can assunshortc-axis parameter. However, from the high-field scaling
Oesf= 2 rather than 4. Assuming.s= 2, we recalculated the analysis of the magnetization arouiig{H), the dimension-
£.0(0)’s andobtained 10.3 A and 12.1 A for Cu-1234 and ality of Cu-1234 is found to be still two dimensional. Our
Hg-1234, respectively. Compared with the values obtaineéxperimental results for the magnetic susceptibilities of four-
assumingg.=4, these values are close to the values obiayer compound$Cu-1234 and Hg-1234suggest that two
tained from the Hao-Clem model analysis. among the four Cu®layers do not contribute to the super-

In a highT; homologous series, the transition temperatureconductivity due to an inequivalent hole distribution between
increases until a certain value vfand then slowly decreases the two different Cu@ planes. This could explain the origin
for higher values ofn. The Cu-based homologous seriesof the weak interlayer coupling in four-layer superconductors
shows the same feature. As in the Hg-based series, the corand provide the reason for thie. of compounds witm=4
pound withn=3 has the maximurit,.}*® From the above decreasing witm. In other words, if the optimum number of
analysis of the magnetic susceptibility, we can infer that suclioles is doped into all the Cy®lanes equivalently, stronger
a decrease irmm, with n for high-T, compounds on=4 interlayer coupling, and thereby a highercan be achieved.
might be due to the CuQplanes that do not play roles as
superconducting layers.
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