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The in-plane resistivity and thermopower for Pbr22phase(Pb,Cu)SrLn,Ce,__ sCu0,,. ¢ (LN=Dy or
Eu,n=3 or 5, have been studied. The distandebetween a pair of Cu{planes can be arbitrarily chosen in
the Pb-322 family. So, one can expect the control of electronic anisotropy using this family. The samples
were grown by sequential deposition using the molecular beam epitaxy technique. The hole concentration per
[CuO], p, was estimated from the thermopower at room temperature. The highest vaderahe Pb-3252
film sample is 0.089, which is within the range for the occurrence of superconductivity in layered cuprates,
although resistivity of the Pb-3252 sample shows weak localization behavior. The increase in hole concentra-
tion by the substitution of DY for C&** is lower than expected from the simple calculation of the valence. We
discuss possible reasons for these findings and for the absence of superconductivity. The cation deficiency in
the fluorite block is supposed to be one of the reasons for the low efficiency of carrier doping and localization
behavior. Sheet conductance per Gy@ne is similar for the Pb-3232 phas=0.87 nm) and Pb-3252 phase
(d=1.41nm).

[. INTRODUCTION superconductct! This is called an interlayer tunneling
mechanism. There is also the theory that interlayer Cooper
It is widely recognized that the higF; superconductors pair formation contributes to superconductiVityin fact, the
consist of a natural arrangement of stacked Josephson junpair of CuQ planes in which an atomic plane consisting of a
tions, which are called intrinsic Josephson junctions, becausg@re earth element or calcium is insertet<0.31 nm), often
of their layered crystal structure. The intrinsic junctions haveexhibits superconductivity at temperatures above the tem-
high performance, such as higtRy product and SIS tunnel Perature of liquid nitrogen. Thus, it is important to know
type characteristicsThey are free from the problems of re- oW transport properties are affected by changing the dis-
ducing thel Ry product caused by misorientation between tanced, for the understanding of high-temperature supercon-

two d-wave superconductors. However, the series array ofyli)célvtl)%clf Owl;?hr ,nrfz;nysjgrr:e;?rrldupcr:zrsséohz\r/:g gB?Zflzuzoznte—
the same junctions alone is not very useful for electronic o e
J y haset! have been reported. However, it is difficult for the

applications: technologies for making thick superconductin ! . . X
. 4 : . : . ayered cuprates having a multiple fluorite-type block with
electrodes beside the junctions or for making a single junc- 131415 With  one

. n=3 to exhibit superconductivi
tion at any place are needed. Thus, the control of Josephs%r)l(ceptiorﬁe The reason for this needs to be clarified.
coupling in the arbitrary unit cell of stacked layered cuprates Recently, epitaxial films of Pb-32 with n=3—8 have
is desirable in electronic applications. ’

In a layered cuprate having a multiple fluorite-type block,
(Pb,Cu)SK(Ln, Ce,,Cu,04, 25—, (N=2, Ln=rare earth ele-
men) (Pb-3212 phasg the distance between a pair of CuO
planes can be arbitrarily chosen. So, the PbhBZamily
offers the potential to control electronic anisotropy or the
strength of Josephson coupling along thaxis>* The crys-
tal structure of the Pb-3252 phase is shown in Fig. 1. This
family is a unique system in that the distandebetween the
bases of a pair of pyramidal Cu-O planes across the fluorite- d
type block can be changed with a unit thickness of 0.27 nm

CuO2 plane —

through changing the layer number, of the rare-earth ox- ® Pb
ide. In the CuQ@ plane, Cu and O atoms are not located on
exactly the same plane. If the position of the Guyihane is Sr

approximated by the center of the Cu plane and@ane,d Cu02 plane ——»

is expressed ad8=0.6+0.27(n—2) nm. % Ln, Ce

Apart from the applications, the effect of interlayer cou- Q)@Q) ® Cu
pling is a key issué.There are theoretical studies which % % 0o
describe the interlayer pair tunneling energy as the main con-

tribution to the condensation energy of high- FIG. 1. Crystal structure of Pb-3252 phase.
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been successfully grown by the molecular beam epitaxy
(MBE) technique’ A well-controlled thin-film process in-
cluding sequential deposition enabled us to obtain a single
phase withn>4, which is difficult to achieve by the bulk
method!*'> We have proposed such a structure for high-
performance trilayer Josephson junctions: a layer of
Pb-3212 one unit cell thick withn=3-8 sandwiched be-
tween two Pb-3212 superconducting electroti@he mul-
tiple fluorite-type block,[(Ln, Ce0,],, in the Pb-322

(a)

A

VanNaaVARVaNYs

Pb ===

phase is probably an insulator and is in direct contact with Eupeiid g LT ML
Ce2 A )

Intensity (arbitrary units)

the CuQ plane. If the superconducting order parameter ex- P R b T S,
tends to this Cu@ plane, it seems to be an ideal atomic o 5 10 15
arrangement at the superconductor-insulator interface. To
achieve this, the CufQplanes in the Pb-32 phase should

be doped with carriers with the same level as the supercon-
ductor: i.e., 0.05:p<0.3.

Until now, little has been known about the transport prop-
erties of the Pb-322 phase withn>3. In this paper, we
report the in-plane transport properties of Phi32films
with n=3 and 5, and compare them with those of Pb-3212
films. The primary purpose of the work reported in this paper
is to understand how the carriers are doped by cation substi- (© (d)
tution. The secondary purpose is to address the problems of
why it is difficult for the Pb-3822 phase witth=3 to exhibit FIG. 2. RHEED observation during growth of Pb-3242 phase.
superconductivity, and how transport properties are affectegh) Intensity of the spot as a function of timéy) intensity of the
by changing the distance streak as a function of time. The bars below the curves indicate the

interval during which each shutter was opéc. RHEED pattern
after deposition of Cu@plane and before deposition of fluorite
Il. EXPERIMENTS block; (d) RHEED pattern during the growth of fluorite block.

The c-axis oriented films with nominal compositions of
(Pb,Cu)Sr,Dy,; _,CaCu,0q,, (Pb-3212 phage (Pb,Cu) RHEED patterns were observed along fh€0] azimuth of
Sr,Dy,Ce;_,_ sC0;5_, (Pb-3232 phage and (Pb,Cu) the substrate. The characteristic growth mechanism of the
SrLn,Ce_,_ sCwO0s6-, (LN=Dy,Eu) (Pb-3252 phagse PDb-3h2 phase =3-8) is the self-organized formation of
were grown by the molecular beam epitafylBE) tech-  the layered structuré Figures 2a) and 2b) show typical
nique. The MBE growth of the Pb-3212 phase was previ-oscillation of RHEED intensity during growth of the
ously reported’ Pb, Sr, Ca, Dy or Eu, Ce, and Cu metals Pb-3212 phase §=3-8). During the deposition of the
were evaporated from the effusion cells onto a SgTi@1)  fluorite block[(Ln, CeO,],, the spot pattern is superposed
surface. The growth temperature was 873-1073 K, whiclon the streak pattern as shown in Figd)2 and the intensity
was measured by using an optical pyrometer. The probingf the spot[Fig. 2(a)] increases. This spot pattern is similar
wavelength of the pyrometer ranged fromuén to 13 um.  to the case of island growth ¢£00)-oriented Ce@film with
The flux density from each metal source was adjusted indi{111} facets. The island structure may be stabilized by expo-
vidually prior to growth. The fluxes of each metal were sup-sure of the thermodynamically stable surface of the fluorite
plied sequentially to the substrate in accordance with thetructure. However, during deposition of Pb oxide, the inten-
stacking order of elements in the PbaAZ2crystal structure. sity of the spot decreases. After deposition of the next LuO
The shuttering sequence was repeated 25-30 times, corrglane, the streak pattern is restored to its original shape, as
sponding to the film thickness of 39.5-80.7 nm. For theshown in Fig. Zc). This suggests that the reactions and for-
growth of the Pb-3232 and Pb-3252 films, an undercoat conmation of the one-unit-cell-thick Pb-82 phase recover the
sisting of two- or three-unit-cell-thick Pb-3212 phase wassurface flatness from the rugged surface of the fluorite-type
deposited on the substrate surface. The composition of thexide. We have synthesized superlattices of alternating one-
undercoat was chosen to give low carrier concentration andnit-cell-thick (3.23 nm) layers of Pb-3272 with two-unit-
high resistivity. Resistivity and thermopower for the under-cell-thick layers of Pb-3212. The x-ray diffraction pattern of
coat alone were measured. The contribution of the undercodliis superlattice was previously reported and agreed well
to the measured data in Figs. 8 and 9 was estimated to be lessth the calculated patterh.Figure 3 shows the cross-
than 0.1% of the resistivity and less than 1% of the thersectional transmission electron microscdp¥M) image of
mopower. Gaseous oxygen activated by an ECR plasma ahis superlattice. It shows regularly aligned dark bands,
pure ozone ga8 was continuously supplied to the substratewhich are fluorite blocks. Heavy ions, Eu and Ce, make the
during growth. The typical ozone pressure during growthfluorite blocks dark. The flat fluorite blocks in this figure

Time (minutes)

was 2xX 10 4 Pa. suggest that the formation of the PbaZ2layered compound
The growth mechanisms have been investigatethisytu ~ overcomes the island growth of the fluorite-type oxide.
reflection high-energy electron diffracticiRHEED). A 25 After the film growth, the phases present and lattice con-

kV electron beam was used with an incident angle of 2°stants were determined by x-ray diffracti¢®kRD), using
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TABLE I. Phase, Dy contenx), composition, cation deficiency
in the fluorite block(s), andc-axis lattice paramete) of the film
samples for transport measurements.

Phase X Composition 5 c(nm)

Pb-3252 0.97 PhyeSh DYool 1ClheO, 0.87 2.683
Pb-3252 1.48 PhiStDy; 48C8&7ClheO, 0.78 2.688
Pb-3252 1.86 PhyShDY; s Clhed, 0.35 2.688

Pb-3232 0.84 PhSh DyosCesClhs, 066 2.139
Pb-3232 1.00 PhShDy; ol sClod, 0.64 2.139
Pb-3232 1.44 PhSr, Dy; 4C8 ol o0, 063 2.138

This is a valuable method for evaluating thevalue of lay-
ered cuprate thin films, since an analysis of oxygen content,
an iodometric titration technique, and a Coulometric titration
technique, which are used for determining ghealue in bulk
samples, are not applicable to thin-film samples.

FIG. 3. Cross-sectional TEM image pPb-3272(Pb-3212,]5
superlattice. The period of the superlatti®&4 nn) is clearly vis-
ible. The fluorite block is labeledf.”

CuK « radiation. The chemical composition of the films was
analyzed by inductively coupled plasm@CP) emission
spectroscopy and was expresr??'ed as the number of atoms per A. Structural chemistry
ab-plane unit cell are#0.148 nm) per shuttering cycle. The . . . '
total accuracy of the ICP measurements was estimated to bs% r‘f]lrlsé,s WR?H(IjEe;IID Vggzetrhzt%trréc;ﬂgal (t:r?;;r?rl]z[rgb%;tuzsglm
within 2%. The compositions and tleeaxis lattice parameter Pies. vatl w @

of the Pb-3252 and Pb-3232 samples for transport measur&r\:-'tth gzdlm Sn agga‘? V\;(e):,\?tﬁen'tsgf"y.t%r%‘?;n orr(; ”,:ﬁ sﬁs(t):ca;e
ments are given in Table I. It should be noted that the sfh two-cl S| 9 wi growth uni

" . it cell. Figure 4 shows XRD patterns for Pb-3252 and
compositions in the Pb-3252 and Pb-3232 samples were n ! : o
directly measured, but estimated from the flux monitor, sinc b-3232 films. Open squares indicate the peaks due to the

the dissolve procedure for these films also dissolves théubstrate and closed circles indicate the peaks due to the

SrTiO; substrate. For transport measurements, silver w ndercoat. There are no p_eaks due to impurity phases. An
evaporated onto the film for contacts. Resistivity measure; RD pattern assuming the ideal crystal structure was calcu-
ments were carried out by a conventional dc four-probel[ated taking into account the Laue function, fche structure
method in the temperature range between 2 and 300 K. The actor, the Lorentz factor for a single-crystal film, and the
moelectric power was measured by a steady-state techniqtz
at temperatures between 40 and 300 K. The temperature an
temperature gradient across the sample were measured usi
a calibrated Pt sensor and two pairs of Cu-Constantan thel:
mocouples, respectively. Cu wires of A diameter were
used as the reference metal.

It is well known that the hole concentratiom, per
[CuQ]*P is the most important parameter, determining both
the normal-state and superconducting-state properties of la
ered cuprates. Tallort al!® found a universal relation be-
tween the thermopower at room temperat®gg,, andp, for
various layered cuprates. Thu,y, is thought to be a mea- f sinale oh
sure ofp in all the layered cuprates. We used the following0 single phase.

equations derived from Tallon’s universal curve to evaluate . Dependmg on the rare eqrthacontent, a Pb3phase
the hole concentration of the film samples: with different n value is obtained. The c-axis length, ob-

tained from the XRD pattern, was investigated as a function
of the rare earth compositions. The results are shown in Fig.

IIl. RESULTS

sorption factor for a finite-thickness film, as shown in Figs.

) and 4d). We referred to Cavat al?° for the crystal
ucture of the Pb-3212 phase, and to Watlal!® for the

m positions of the double fluorite blodkLn, CeO,].
he atom positions of the Pb-3252 phase were extrapolated
by assuming that the CeMayers were inserted in the center
of the double fluorite blocksee Fig. 1 The relative inten-
sities of measured XRD patterfiSigs. 4a) and 4c)] quali-
atively agreed with those of the calculated ofiegs. 4b)

nd 4d)]. Thus, the desired crystal structures were obtained
although some cation vacancies were presseé Table)l
All the samples in Figs. 7—11 were confirmed by XRD to be

1 | S200 ¢ _ 5. The horizontal axis indicates the composition of rare earth
P=—35N| 375 for 0<p=0.04, elements,w, in a unit cell of (Ph,CU)SK(LN, Ce),,Cu,0,
(Ln=Eu, Dy), measured by ICP analysis. The ideal value of
w should be 5.0 for the Pb-3252 phase. The Pb-3252 films,
1 (S0 however, were grown fow=3.8—4.7. On the other hand,
p=- ﬁln<2_78) for 0.04<p=0.10, the Pb-3262 film was grown fow=5.0. This suggests that

cation deficiency,s, exists in the fluorite block of the Pb-
1 s, 3252 phase. For the Pb-3232 phase, the cation deficiency in
T 200 < the fluorite block is also evident. The values &ffor the
P 38.1'”( 992) for 0.10<p=0.155. transport measurement samples are shown in Table I.
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20 (degrees) unit cell, w.
Twol.. 1. 110 ' ] oxygenation condition during growth was optimized for each
= (€) growth temperature. The samples wilh,<1003K were
> found to be a single phase of the Pb-3252 phase, whereas the
_g samples withT,,=1003K included Pb-3212 phase and
'g 50 [ a . Ce0, as impurity phases. The lowest resistivity was obtained
= in the case off ;,=973 K. In the following experiments, the
5 growth temperature was 973 K.
2 W\ o \‘ In Fig. 6, the temperature dependences of the logarithm of
E o™ | ) \ . . resistivity can be classified into two categories. Low-
10l S ' ' ] resistivity samples, such as fdi, =953 and 973 K, show
S (d) peexp(T ) at T<100K, as is evidenced by the straight
line in Fig. 6. This may be attributed to two-dimensional
o
£ variable range hopping(VRH) transport. The two-
g 50 | dimensional(2D) characteristics in transport are expected in
< the Pb-3252 phase, since the Guilane in this compound is
% rather isolated. The distance between the Cpl@nes is 1.41
5 l I [ | 1 nm across the fluorite block layer, and is 1.27 nm across the
‘_é 0 1 ]
L | | L | L
Temperature (K)
0 20 40 60 80 300 100 50 30 15
20 (degrees) ' ]
, , , 100 | -
FIG. 4. X-ray diffraction patterns(a) Experimental result for F ]
the Pb-3252 filmyb) calculated diffraction pattern for the Pb-3252 X
film; (c) experimental result for the Pb-3232 filntg) calculated -
diffraction pattern for the Pb-3232 film. Open squares indicate the g 10 L
peaks due to the substrate and closed circles indicate the peaks due & 3 E
to the undercoat. 2
2
B. Dependence on growth temperature '§ .
Before investigating the transport properties of the thin- ® ]
film materials, various growth conditions should be opti-
mized. We previously reported the optimization of oxygen-
ation conditions during growth and during the cooling 01 | _
process after growthIn general, the quality of crystal and E ! ! L L ! L

electric conductivity of the cuprate films strongly depends on
the growth temperature. So, we made Pb-3252 phase films
[nominal compositions(Pb,Cu)SKLEWCe;_, sChO16_, (X
=1.4)] at various growth temperatureg,, . Resistivity of
the samples is shown in Fig. 6 as a functionTof"3. The

T 113 (K-1I3)

010 015 0.20 0.25 0.30 0.35 0.40 0.45

FIG. 6. Resistivity vsT Y2 for Pb-3252 films. The curves are
labeled according to the growth temperature.
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FIG. 7. Temperature dependence(af resistivity and(b) ther- FIG. 8. Temperature dependence(a resistivity and(b) ther-
mopower for Pb-3212 films. The film compositions are mopower for Pb-3252 films.

Pby oSk 4PY11Lb g0,  (y=0) and PR oS DY 7 o 21

Cl 00, (y=0.21). sition. The temperatures where resistivity drops to 50% and

10% of the normal-state resistivity are 47.2 K and 41.6 K,
[SrO-PbO-Cu-PbO-SrDblock layer. On the other hand, respectively. These values are similar to the reported values
high-resistivity samples such as fdr,, =993, 1003, and for bulk ceramics of(Pb,CuSKY;_,CaCw,0q., with y
1023 K showpxexp(T~4, as is seen by the negative cur- =0.15—0.222
vature in Fig. 6. This may be attributed to three-dimensional
yRH. In the high resistivity samplgs, the strength of disorder D. Transport properties of Pb-3252 films
in the CuQ planes may be so high that the expected two-
dimensional transport is hindered. As will be shown later in  The cation substitution of C& by Dy** to change the
Sec. 1l D the resistivity of the Pb-3252 film is found to be carrier density in Pb-3252 phase filnisominal composi-
lower as a result of further studies. In this case, the temperdions: (Pb,CU)Sr,Dy,Ce;_, ;C,046 ] Was studied. From
ture dependence of resistivity becomes weaker thathe simple calculation of the valence assumig0 and 6
exp(T Y4 and expl Y3), suggesting a weak localization. =0, p would increase with Dy concentratiom, following
the relationp=(1—x)/2. The temperature dependences of
the logarithm of the in-plane resistivity and in-plane ther-
mopower are shown in Figs(& and 8b), respectively. Re-
sistivity and thermopower decrease with Dy content. The
compositions: (P,Cu)Sr,Dy; -,C3,Cu,0g] were investi- most conductive sample has a resistivity of 7.43
gated as a reference for P2 (n=3,5) films. The hole X1072Qcm at T=298K, and 1.7%10 'Qcm at T
concentrationp, would increase with Ca content following =40K. The conductivity of the Pb-3252 sample has been
the relationp=y/2, from the simple calculation of the va- improved by a factor of 26 aT=298K, and 430 afT
lence, assuming that the substitution does not create comper-40K, as compared with the previous repbithis im-
sating defects. Figure 7 shows the logarithm of resistivityprovement was achieved after the optimization of film com-
and thermopower as a function of temperature. Resistivityositions and growth conditions, such as growth temperature,
and thermopower decrease with Ca doping. The therand oxygenation conditions during the growth and during the
mopower data in Fig. (b) are consistent with the reported cooling process after growth.
data for(Pb,Cu)Sr,Y; - ,Cg,Cu,0q single crystal$! The val- The temperature dependence of resistivity for the most
ues ofp for each sample were estimated to be 0.062yfor conductive sample in Fig.(8) is weaker than exg("*4) and
=0 and 0.119 foy=0.21. These values agree well with the exp(T ~®). This temperature dependence is no longer ex-
expectation from the simple calculation of the valence. plained by VRH, in contrast to the data in Fig. 6. The resis-

The Ca doping withy=0.21 brought a transition from tivity is proportional to InT at temperatures below 60 K. This

insulator to superconductor. The superconducting transitiomay be due to the weak localization effect and/or effects of
temperature foy=0.21 was determined from resistive tran- Coulomb interaction between electrons in a random potential

C. Transport properties of Pb-3212 films
Transport properties for Pb-3212 phase filimominal
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2
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E 10 | i FIG. 10. Comparison of resistivity for Pb-82 phase withn
= (b) =1,3,5.
0 ' : ' : ' : a function of the Dy content. The distance between €uO
0 100 200 300 planes across the fluorite block in the Pb-3232 phase is be-
Temperature (K) tween those of Pb-3212 and Pb-3252, and is 0.87 nm. The

growth conditions were the same as those for Pb-3252 in Fig.
FIG. 9. Temperature dependence(af resistivity and(b) ther- 8. As in the case of Pb-3252, the substitution of thé'Gen
mopower for Pb-3232 films. by Dy3' in the Pb-3232 phase was expected to increase the

in the two-dimensional system. Theoretically, the localiza-ca"mer def‘s'ty following the relat|op=(1—x)/2, if the sub-
tion and interaction corrections to sheet conductance of 2[§titution did not create compensating defects such as oxygen

disordered electronic systems are expressed-@8 = o vacancies. ResistivityfFig. _9(a)] at temperatures_higher than
+ (ae?/272h)In(TIT,), wherea is an order of unity® The 100 K and thermopowdiig. Ab)] decreased with Dy con-

plot of sheet conductance of our film vsTrappears to be €Nt

linear at temperatures below 40 K, ands estimated to be 1 he values ofp estimate_d from room-temperature ther-
1.2 in this temperature region. The value @fs consistent Mopower were 0.0757 fax=1.00 and 0.0782 for=1.44.
with the theory. Similar to the Pb-3252 phase, a self-doping of holes was

The hole densities were estimated from the room-oPbserved in the Pb-3232 sample with-1.00, where we

temperature thermopower. A slight increasepimith x was ~ Intended to make the parent compound before hole doping,
observed fromp=0.0831 forx=0.97 to p=0.0891 forx and the efficiency of hole doping with cation substitution

=1.86. The substitution of ¢& by Dy3" increased the hole Was Very low.
density, but the densities obtained disagreed with the expec- _
tation from the simple calculation of the valence, regarding F. Comparison of Pb-3h2 (n=1,3,9

the fO”OWing two pointS. FirSt, a Se|f-d0ping of holes was The resistivity of the Pb-322 phase with= 1' 3’ and 5
observed in the sample witk=0.97 where we intended t0 s compared in Fig. 10. Two or three samples with different
make the parent compound before hole doping. Second, thgping levels for each phase are shown: all the data were
hole concentration for the Sample wiktr=1.86 was smaller taken from Figs 7, 8, and 9. The resistivity appears to in-
than expected. This means that the efficiency of hole dopingrease withn. To investigate conducting properties of each
with cation substitution is very low. CuG, plane, the data in Fig. 10 were converted to the sheet
A generic phase diagram for the superconducting cuprategsistance per CuOplane, as shown in Fig. 11. The best
shows that superconductivity occurs when 8Qb<0.3.  conducting sample in the Pb-3252 phase has a sheet resis-
The largest value op in our Pb-3252 samples was 0.0891. tance value similar to the best conducting sample in the Pb-
This is in the range of superconductivity. However, the re-3232 phase. This suggests that the electric conduction within
S|St|V|ty ShOWed not metalliC but Weak |Oca|i2ati0n behaViOI‘.a CuQ piane does not deteriorate with the increasd ﬁibm
This is in good contrast to the Pb-3212 phase, where thg g7 nm ©=3) to 1.41 nm (=5). Resistivity of the Pb-
insulator-superconductor transition occurs with the catiorgogo phase is greater than that of the Pb-3232 phase merely

substitution of 0.21. because the number of conduction planes per unit volume is
E T ies of Pb-3232 fi smaller in the former. It should be noted that the sheet resis-
-+ Transport properties of Pb- ims tance per Cu@plane of carrier doped Pb-3252 and Pb-3232

Transport properties of the Pb-3232 phaseminal com-  samples is nearly the same as that of the nondoped Pb-3212
positions:(Pb,Cu)Sr,Dy,Ce;_,_ sCu,04,_,] were studied as  phase.
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consider why metallic conduction is not obtained, before dis-
cussing the comparison of the above-mentioned models with
the experimental results.

The resistivity of Pb-3252 phase suggests the weak local-
ization and/or effects of the interaction between electrons in
the disordered two-dimensional electronic systeme Sec.
IID). Then, it is supposed that a disordered potential yielded
in the CuQ planes destroys the superconductivity. In the
Pb-3252 phase, the dimensionality of electronic system is
expected to be lower than that of Pb-3212. If the dimension-
- . ality becomes lower from three to two, the wave function of
charge carrier tends to be more strongly localized and elec-
tric conduction is influenced more strongly by the disordered
potential®®> One of the possible sources of the disordered
B A potential for charge carriers is the cation deficiency in the
S 1 fluorite-type block layer. This is considered to be one of the

d : reasons for the absence of superconductivity in the Ri232
0 100 200 300 phase withn=3. Note that the occurrence of superconduc-
Temperature (K) tivity in (Ln,sCey/9)o(LagsBaysSr,5),CusOy_, depends on
) the ionic radius of the rare earth element in the fluorite block.
_FIG. 11. Sheet resistance per Guplane for Pb-382 phase | this case, it was supposed that the disordered potential,
with n=1, 3, 5. similar to the case of Zn doping in the Cuflane, existed in
the nonsuperconducting compoutdThis might be a char-
acteristic common to Cufplanes adjacent to a fluorite

The carrier doping characteristics of Pb-3232 and Pbblock.

3252 phases are summarized as follows. First, self-doping of The hole density in the Pb-82 phase withn=3, 5
holes was observed in the sample where we intended tslightly increased by cation substitution. However, it seems
make the parent compound before hole-doping. Second, t@ be difficult for it to reach the optimal value for supercon-
gain in the hole concentration by the cation substitution inductivity, judging from the extrapolation of the measured
the fluorite block was smaller than expected. We mentionedlata. The difficulty in optimal doping is also the reason for
in Sec. Il A that cation deficiency existed in the fluorite type the absence of superconductivity in the Pm32hase with
block layer. The cation deficiency may cause the self-dopingn=3.

One of the reasons for the second characteristic is that the The sheet conductance per Gu@ane is similar for the
substitution of the CE ion by Dy*" creates compensating Pb-3232 phase and Pb-3252 phase, as mentioned in Sec.
oxygen vacancies. The cation deficiency in the fluorite blockll F. This means that the strength of localization does not
may promote creation of such oxygen vacancies. increase when the distance between a pair of Juiénesd,

The mechanism by which the cation deficiency is createdncreases from 0.87 nm to 1.44 nm. Then, the Ph23fam-
is probably related to the growth mechanism of the Pb232 ily with n=3-8 is useful in changing the-axis transport
phase mentioned in Sec. Il. During the growth of the fluoritewhile the in-plane transport is kept constant.
block, island growth with facets occurred. The following In the next phase of this study, our aim is to achieve
self-organized formation of the layered structure made theontrol of the Josephson coupling along thaxis using the
flat fluorite block layer. The cation vacancies may be left inPb-322 family. To achieve this, it is desirable that the su-
the fluorite block during this flattening process. perconducting order parameter extend to the Cpl@ne ad-

Next, we discuss why superconductivity is hard to obtainjacent to the fluorite block in the Pb-82 phase. For cuprate
in layered cuprates having a multiple fluorite-type blocksuperlattices, Bozovic and Eckstein already pointed out that
layer. According to the interlayer tunneling modél,T,  hole depletion and localization in the interface Gu@ane
would decrease with increasinnigbecause the absolute value are particularly important for the semiconducting or insulat-
of the Josephson coupling energy and consequently the coirg spacer laye?> These two factors must be eliminated in
densation energy of the superconductor decrease. The theasyder to obtain SIS tunnel junctions. In fact, their
considering the interlayer Cooper pair formafisuggests (BiSrCaCu,0,/3X SrTiO;/Cu,CaSrBiQy) superlattice
that T, decreases with increasimty as a consequence of the showed two-dimensional VRE. In the present study, the
decrease in the coupling constant of interlayer pairing interCuG, plane in the Pb-3252 phase is doped with holes with
action. Both of the models predict that the valuesTgffor ~ nearly the same level as the superconductor, but the holes are
the Pb-3232 and Pb-3252 phase are lower than that for theeakly localized. The question is whether the proximity ef-
Pb-3212 phase. The present study showed that the RB-32 fect acts on the Cuplane in a Pb-3252 unit cell inserted in
compound withn= 3 and 5 did not exhibit superconductivity a thick Pb-3212 superconductor, or not. Microscopic consid-
down to 2 K, in spite of the fact that the hole density waserations are needed in order to answer this question but that
sufficient for superconductivity, although the density wasinformation is not available now. So, we discuss the meso-
somewhat lower than the optimal valup=£0.15-0.2). It scopic and macroscopic approaches based on the proximity
should be noted that resistivity of the Pb-3232 and Pb-3252ffect in the conventional superconductor. Actually, the ex-
sample increases with decreasing temperature. We have perimental results for the proximity effe@®E) in the high-
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T. SN'S junctions, whereN’ is a cation-substituted super- V. SUMMARY
conductor with reduced ., are explained by the conven-

: 6
tional PE theorf. c!?>b-32112 phase films witm=1, 3, and 5. This is a system-

Recently, a theoretical study of the PE in a 2D disordere atic study of the transport properties of separated pairs of
conductor, taking Coulomb interaction into account, has M port prop P P

been reported’ This suggests that the PE appears in thepyram|dal CuQ planes withd>0.9nm. The growth condi-

. . . tions and compositions of the film samples were optimized to
disordered metalresistivity p and thicknes®) attached to a make conductive Pb-3252 films. We obtained the hole con-

bulk superconductor except for the case of a sufficiently T . s
song disrder The crial vlue sbove which an energf 7110005 Wit was iy i anoe o o
gap due to PE in the normal metal vanishestig4=1, P y y P '

where t=(€2/2%h)(p/D) expresses the strength of the tivity still showed weak localization behavior. Here, the hole
disorder?’ Here, \ is a dimensionless parameter concerningconcentrat'on% per [CuC] wars] esltlma_ted fr(()jm t_he ro_orr]n-
the Coulomb interaction and may be of the order of 0.#8-1. temperi':lture thermopower. The egchtnﬁ conduction within a
Substituting the sheet resistance per Gplane in the Pb- gté?znpmetr;%%%%sznorfa%ignlo;altenm(tpbt_sezgnzcreha;;gﬁlr};
3252 sampleFig. 11 into (p/D), we obtaint=17.8 at 30 P ' P

K. Using this value, we are aware that our sample is near ththe Pb-322 phases witm=3-8 have the potential to con-

fol the Josephson coupling along tbexis
border line. Unfortunately, the values &ffor the cuprates ' . .
and our sample are as yet unknown and we cannot judgte For the Pb-3232 and Pb-3252 phases, the cation substitu-

+ + ot
using the above criteria. In the layered cuprates, a £LuO, fon of Cé! by. Dy’ makes resistivity an_d th.ermopower
. . . ; lower, but the increase in hole concentration is lower than
plane withp<<0.05 is an insulator. In this case, the conven-

tional PE does not act effectively. Generally speaking, theexpected from the simple calculation of the valence. The

coherence length in normal metadh . increases with the composition dependence of tleeaxis length suggests that

carrier concentration. In a CuyCplane, however, excess the cation deficiency exists in the multiple fluorite-type block
. ' Y ' . ’ . layer. There are considered to be two reasons for the absence
holes with p>0.3 may be harmful to pair correlations.

. ) of superconductivity in the Pb-3232 and Pb-3252 phases.
Therefore, we consider that 0:8%<0.3 is necessary for PE The first is that a disordered potential for charge carrier may

in the Cug plane of the Pb-3252 phase. This condition hase ist in the Cu@ planes. The cation deficiency in the fluorite

heen satisfied in the present study. Thus, we may expect thB ock is a possible source of the disordered potential. The

the order parameter extends to the Guilanes in the one- ; I, - - ;
. ) ) . second reason is the difficulty in optimal doping.
unit-cell-thick Pb-3252 phase inserted in the superconduct- y P ping

ing Pb-3212 layer. Such a layered structure can be con-
structed by using the MBE method, as shown in Fig. 3.

On the other hand, the recently constructed 3 @heory We would like to thank Dr. K. Ando, Dr. K. Sato, Dr. J.
of high-temperature superconductivity suggests #ah an  Yoshida, and Dr. N. Gemma of Toshiba Corporation for en-
underdoped nonsuperconducting cuprate is longer than theouragement in this work and for illuminating discussion.
expected value from the conventional PE theOryThis  We also thank M. Koike of Toshiba R&D Center for TEM
means that superconducting order does not have to vanish amservations and K. Kobayashi for providing the program to
the atomic scale in the underdoped nonsuperconducting ciealculate XRD intensity. This study was supported by Spe-
prate. This reinforces our argument in favor of the extensiortial Coordination Funds for Promoting Science and Technol-
of the order parameter to the CuQ@lane in the Pb-3252 ogy from the Japanese Science and Technology Agency, to

We have studied resistivity and thermopower for
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