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Transport properties of separated pairs of CuO2 planes
in „Pb2Cu…Sr2DyxCenÀxÀdCu2O2n¿6 „nÄ3,5… epitaxial films

Sumio Ikegawa and Yuichi Motoi
Advanced Materials & Devices Laboratory, Corporate Research & Development Center, Toshiba Corporation, 1, Komukai Toshi

Saiwai-ku, Kawasaki 212-8582, Japan
~Received 27 August 1999!

The in-plane resistivity and thermopower for Pb-32n2 phase,~Pb2Cu!Sr2LnxCen2x2dCu2O2n16 (Ln5Dy or
Eu, n53 or 5!, have been studied. The distance,d, between a pair of CuO2 planes can be arbitrarily chosen in
the Pb-32n2 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 value ofp for the 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 Dy31 for Ce41 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 CuO2 plane is similar for the Pb-3232 phase (d50.87 nm) and Pb-3252 phase
(d51.41 nm).
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I. INTRODUCTION

It is widely recognized that the high-Tc superconductors
consist of a natural arrangement of stacked Josephson
tions, which are called intrinsic Josephson junctions, beca
of their layered crystal structure. The intrinsic junctions ha
high performance, such as highI cRN product and SIS tunne
type characteristics.1 They are free from the problems of re
ducing theI cRN product2 caused by misorientation betwee
two d-wave superconductors. However, the series array
the same junctions alone is not very useful for electro
applications: technologies for making thick superconduct
electrodes beside the junctions or for making a single ju
tion at any place are needed. Thus, the control of Josep
coupling in the arbitrary unit cell of stacked layered cupra
is desirable in electronic applications.

In a layered cuprate having a multiple fluorite-type bloc
~Pb2Cu!Sr2~Ln, Ce!nCu2O612n2z (n>2, Ln5rare earth ele-
ment! (Pb-32n2 phase!, the distance between a pair of CuO2
planes can be arbitrarily chosen. So, the Pb-32n2 family
offers the potential to control electronic anisotropy or t
strength of Josephson coupling along thec-axis.3,4 The crys-
tal structure of the Pb-3252 phase is shown in Fig. 1. T
family is a unique system in that the distance,d, between the
bases of a pair of pyramidal Cu-O planes across the fluo
type block can be changed with a unit thickness of 0.27
through changing the layer number,n, of the rare-earth ox-
ide. In the CuO2 plane, Cu and O atoms are not located
exactly the same plane. If the position of the CuO2 plane is
approximated by the center of the Cu plane and O2 plane,d
is expressed asd50.610.27(n22) nm.

Apart from the applications, the effect of interlayer co
pling is a key issue.5 There are theoretical studies whic
describe the interlayer pair tunneling energy as the main c
tribution to the condensation energy of high-Tc
PRB 610163-1829/2000/61~9!/6334~9!/$15.00
c-
se
e

of
c
g
-
on
s

,

is

e-

n-

superconductor.6,7 This is called an interlayer tunnelin
mechanism. There is also the theory that interlayer Coo
pair formation contributes to superconductivity.8,9 In fact, the
pair of CuO2 planes in which an atomic plane consisting o
rare earth element or calcium is inserted (d50.31 nm), often
exhibits superconductivity at temperatures above the t
perature of liquid nitrogen. Thus, it is important to kno
how transport properties are affected by changing the
tanced, for the understanding of high-temperature superc
ductivity. So far, many superconductors having a fluori
type block with n52, such asT* phase10 and Bi-2222
phase,11 have been reported. However, it is difficult for th
layered cuprates having a multiple fluorite-type block w
n>3 to exhibit superconductivity12,13,14,15 with one
exception.16 The reason for this needs to be clarified.

Recently, epitaxial films of Pb-32n2 with n53 – 8 have

FIG. 1. Crystal structure of Pb-3252 phase.
6334 ©2000 The American Physical Society



ax

g

h
o

-

it
ex
ic
T

o

p

1
e

bs
s

te

f

v
ls

ic
in

d
p
th

or
h
o
a
t

an
r

co
l

er
a
te
t

2°

the
f

e

d

ar

po-
rite
n-
O
, as
r-

ype
ne-

of
ell

-

ds,
the
e

on-

se.

the

e

PRB 61 6335TRANSPORT PROPERTIES OF SEPARATED PAIRS OF . . .
been successfully grown by the molecular beam epit
~MBE! technique.3 A well-controlled thin-film process in-
cluding sequential deposition enabled us to obtain a sin
phase withn.4, which is difficult to achieve by the bulk
method.14,15 We have proposed such a structure for hig
performance trilayer Josephson junctions: a layer
Pb-32n2 one unit cell thick withn53 – 8 sandwiched be
tween two Pb-3212 superconducting electrodes.3 The mul-
tiple fluorite-type block, @~Ln, Ce!O2#n , in the Pb-32n2
phase is probably an insulator and is in direct contact w
the CuO2 plane. If the superconducting order parameter
tends to this CuO2 plane, it seems to be an ideal atom
arrangement at the superconductor-insulator interface.
achieve this, the CuO2 planes in the Pb-32n2 phase should
be doped with carriers with the same level as the superc
ductor: i.e., 0.05,p,0.3.

Until now, little has been known about the transport pro
erties of the Pb-32n2 phase withn.3. In this paper, we
report the in-plane transport properties of Pb-32n2 films
with n53 and 5, and compare them with those of Pb-32
films. The primary purpose of the work reported in this pap
is to understand how the carriers are doped by cation su
tution. The secondary purpose is to address the problem
why it is difficult for the Pb-32n2 phase withn>3 to exhibit
superconductivity, and how transport properties are affec
by changing the distanced.

II. EXPERIMENTS

The c-axis oriented films with nominal compositions o
~Pb2Cu!Sr2Dy12yCayCu2O81z ~Pb-3212 phase!, ~Pb2Cu!
Sr2DyxCe32x2dCu2O122z ~Pb-3232 phase!, and ~Pb2Cu!
Sr2LnxCe52x2dCu2O162z (Ln5Dy, Eu) ~Pb-3252 phase!
were grown by the molecular beam epitaxy~MBE! tech-
nique. The MBE growth of the Pb-3212 phase was pre
ously reported.17 Pb, Sr, Ca, Dy or Eu, Ce, and Cu meta
were evaporated from the effusion cells onto a SrTiO3 ~001!
surface. The growth temperature was 873–1073 K, wh
was measured by using an optical pyrometer. The prob
wavelength of the pyrometer ranged from 8mm to 13 mm.
The flux density from each metal source was adjusted in
vidually prior to growth. The fluxes of each metal were su
plied sequentially to the substrate in accordance with
stacking order of elements in the Pb-32n2 crystal structure.
The shuttering sequence was repeated 25–30 times, c
sponding to the film thickness of 39.5–80.7 nm. For t
growth of the Pb-3232 and Pb-3252 films, an undercoat c
sisting of two- or three-unit-cell-thick Pb-3212 phase w
deposited on the substrate surface. The composition of
undercoat was chosen to give low carrier concentration
high resistivity. Resistivity and thermopower for the unde
coat alone were measured. The contribution of the under
to the measured data in Figs. 8 and 9 was estimated to be
than 0.1% of the resistivity and less than 1% of the th
mopower. Gaseous oxygen activated by an ECR plasm
pure ozone gas18 was continuously supplied to the substra
during growth. The typical ozone pressure during grow
was 231024 Pa.

The growth mechanisms have been investigated byin situ
reflection high-energy electron diffraction~RHEED!. A 25
kV electron beam was used with an incident angle of
y
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RHEED patterns were observed along the@100# azimuth of
the substrate. The characteristic growth mechanism of
Pb-32n2 phase (n53 – 8) is the self-organized formation o
the layered structure.3 Figures 2~a! and 2~b! show typical
oscillation of RHEED intensity during growth of th
Pb-32n2 phase (n53 – 8). During the deposition of the
fluorite block @~Ln, Ce!O2#n , the spot pattern is superpose
on the streak pattern as shown in Fig. 2~d!, and the intensity
of the spot@Fig. 2~a!# increases. This spot pattern is simil
to the case of island growth of~100!-oriented CeO2 film with
$111% facets. The island structure may be stabilized by ex
sure of the thermodynamically stable surface of the fluo
structure. However, during deposition of Pb oxide, the inte
sity of the spot decreases. After deposition of the next Cu2
plane, the streak pattern is restored to its original shape
shown in Fig. 2~c!. This suggests that the reactions and fo
mation of the one-unit-cell-thick Pb-32n2 phase recover the
surface flatness from the rugged surface of the fluorite-t
oxide. We have synthesized superlattices of alternating o
unit-cell-thick ~3.23 nm! layers of Pb-3272 with two-unit-
cell-thick layers of Pb-3212. The x-ray diffraction pattern
this superlattice was previously reported and agreed w
with the calculated pattern.3 Figure 3 shows the cross
sectional transmission electron microscopy~TEM! image of
this superlattice. It shows regularly aligned dark ban
which are fluorite blocks. Heavy ions, Eu and Ce, make
fluorite blocks dark. The flat fluorite blocks in this figur
suggest that the formation of the Pb-32n2 layered compound
overcomes the island growth of the fluorite-type oxide.

After the film growth, the phases present and lattice c
stants were determined by x-ray diffraction~XRD!, using

FIG. 2. RHEED observation during growth of Pb-3242 pha
~a! Intensity of the spot as a function of time;~b! intensity of the
streak as a function of time. The bars below the curves indicate
interval during which each shutter was open.~c! RHEED pattern
after deposition of CuO2 plane and before deposition of fluorit
block; ~d! RHEED pattern during the growth of fluorite block.
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Cu-Ka radiation. The chemical composition of the films w
analyzed by inductively coupled plasma~ICP! emission
spectroscopy and was expressed as the number of atom
ab-plane unit cell area~0.148 nm2! per shuttering cycle. The
total accuracy of the ICP measurements was estimated t
within 2%. The compositions and thec-axis lattice paramete
of the Pb-3252 and Pb-3232 samples for transport meas
ments are given in Table I. It should be noted that the
compositions in the Pb-3252 and Pb-3232 samples were
directly measured, but estimated from the flux monitor, sin
the dissolve procedure for these films also dissolves
SrTiO3 substrate. For transport measurements, silver
evaporated onto the film for contacts. Resistivity measu
ments were carried out by a conventional dc four-pro
method in the temperature range between 2 and 300 K. T
moelectric power was measured by a steady-state techn
at temperatures between 40 and 300 K. The temperature
temperature gradient across the sample were measured
a calibrated Pt sensor and two pairs of Cu-Constantan t
mocouples, respectively. Cu wires of 50-mm diameter were
used as the reference metal.

It is well known that the hole concentration,p, per
@CuO#1p is the most important parameter, determining bo
the normal-state and superconducting-state properties of
ered cuprates. Tallonet al.19 found a universal relation be
tween the thermopower at room temperature,S290, andp, for
various layered cuprates. Thus,S290 is thought to be a mea
sure ofp in all the layered cuprates. We used the followi
equations derived from Tallon’s universal curve to evalu
the hole concentration of the film samples:

p52
1

32.4
lnS S290

372D for 0,p<0.04,

p52
1

25.3
lnS S290

278D for 0.04,p<0.10,

p52
1

38.1
lnS S290

992D for 0.10,p<0.155.

FIG. 3. Cross-sectional TEM image of@Pb-3272/~Pb-3212!2#15

superlattice. The period of the superlattice~6.4 nm! is clearly vis-
ible. The fluorite block is labeled ‘‘f.’’
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This is a valuable method for evaluating thep value of lay-
ered cuprate thin films, since an analysis of oxygen cont
an iodometric titration technique, and a Coulometric titrati
technique, which are used for determining thep value in bulk
samples, are not applicable to thin-film samples.

III. RESULTS

A. Structural chemistry

First, we deal with the structural chemistry of the fil
samples. RHEED observations show that the Pb-32n2 phase
with n51, 3, and 5 were epitaxially grown on the substra
in two-dimensional growth mode with the growth unit of
unit cell. Figure 4 shows XRD patterns for Pb-3252 a
Pb-3232 films. Open squares indicate the peaks due to
substrate and closed circles indicate the peaks due to
undercoat. There are no peaks due to impurity phases.
XRD pattern assuming the ideal crystal structure was ca
lated taking into account the Laue function, the structu
factor, the Lorentz factor for a single-crystal film, and t
absorption factor for a finite-thickness film, as shown in Fi
4~b! and 4~d!. We referred to Cavaet al.20 for the crystal
structure of the Pb-3212 phase, and to Wadaet al.13 for the
atom positions of the double fluorite block,@~Ln, Ce!O2#3 .
The atom positions of the Pb-3252 phase were extrapol
by assuming that the CeO2 layers were inserted in the cente
of the double fluorite block~see Fig. 1!. The relative inten-
sities of measured XRD patterns@Figs. 4~a! and 4~c!# quali-
tatively agreed with those of the calculated ones@Figs. 4~b!
and 4~d!#. Thus, the desired crystal structures were obtain
although some cation vacancies were present~see Table I!.
All the samples in Figs. 7–11 were confirmed by XRD to
of single phase.

Depending on the rare earth content, a Pb-32n2 phase
with different n value is obtained.3 The c-axis length, ob-
tained from the XRD pattern, was investigated as a funct
of the rare earth compositions. The results are shown in
5. The horizontal axis indicates the composition of rare ea
elements,w, in a unit cell of ~Pb2Cu!Sr2~Ln, Ce!wCu2Ov
~Ln5Eu, Dy!, measured by ICP analysis. The ideal value
w should be 5.0 for the Pb-3252 phase. The Pb-3252 fil
however, were grown forw53.8– 4.7. On the other hand
the Pb-3262 film was grown forw55.0. This suggests tha
cation deficiency,d, exists in the fluorite block of the Pb
3252 phase. For the Pb-3232 phase, the cation deficienc
the fluorite block is also evident. The values ofd for the
transport measurement samples are shown in Table I.

TABLE I. Phase, Dy content~x!, composition, cation deficiency
in the fluorite block~d!, andc-axis lattice parameter~c! of the film
samples for transport measurements.

Phase x Composition d c ~nm!

Pb-3252 0.97 Pb1.20Sr2.2Dy0.97Ce3.16Cu2.92Oy 0.87 2.683
Pb-3252 1.48 Pb1.38Sr2.2Dy1.48Ce2.74Cu2.95Oy 0.78 2.688
Pb-3252 1.86 Pb1.60Sr2.3Dy1.86Ce2.79Cu2.88Oy 0.35 2.688

Pb-3232 0.84 Pb1.88Sr2.1Dy0.84Ce1.50Cu2.83Oy 0.66 2.139
Pb-3232 1.00 Pb2.14Sr2.1Dy1.00Ce1.36Cu3.06Oy 0.64 2.139
Pb-3232 1.44 Pb2.20Sr2.1Dy1.44Ce0.93Cu3.02Oy 0.63 2.138
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B. Dependence on growth temperature

Before investigating the transport properties of the th
film materials, various growth conditions should be op
mized. We previously reported the optimization of oxyge
ation conditions during growth and during the coolin
process after growth.4 In general, the quality of crystal an
electric conductivity of the cuprate films strongly depends
the growth temperature. So, we made Pb-3252 phase fi
@nominal compositions:~Pb2Cu!Sr2EuxCe52x2dCu2O162z (x
51.4)# at various growth temperatures,Tgr . Resistivity of
the samples is shown in Fig. 6 as a function ofT21/3. The

FIG. 4. X-ray diffraction patterns.~a! Experimental result for
the Pb-3252 film;~b! calculated diffraction pattern for the Pb-325
film; ~c! experimental result for the Pb-3232 film;~d! calculated
diffraction pattern for the Pb-3232 film. Open squares indicate
peaks due to the substrate and closed circles indicate the peak
to the undercoat.
-
-
-

n
s

oxygenation condition during growth was optimized for ea
growth temperature. The samples withTgr,1003 K were
found to be a single phase of the Pb-3252 phase, wherea
samples with Tgr>1003 K included Pb-3212 phase an
CeO2 as impurity phases. The lowest resistivity was obtain
in the case ofTgr5973 K. In the following experiments, the
growth temperature was 973 K.

In Fig. 6, the temperature dependences of the logarithm
resistivity can be classified into two categories. Lo
resistivity samples, such as forTgr5953 and 973 K, show
r}exp(T21/3) at T,100 K, as is evidenced by the straig
line in Fig. 6. This may be attributed to two-dimension
variable range hopping~VRH! transport. The two-
dimensional~2D! characteristics in transport are expected
the Pb-3252 phase, since the CuO2 plane in this compound is
rather isolated. The distance between the CuO2 planes is 1.41
nm across the fluorite block layer, and is 1.27 nm across

e
due

FIG. 5. Lattice constant,c, vs the rare earth composition in
unit cell, w.

FIG. 6. Resistivity vsT21/3 for Pb-3252 films. The curves ar
labeled according to the growth temperature.
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@SrO-PbO-Cu-PbO-SrO# block layer. On the other hand
high-resistivity samples such as forTgr5993, 1003, and
1023 K showr}exp(T21/4), as is seen by the negative cu
vature in Fig. 6. This may be attributed to three-dimensio
VRH. In the high resistivity samples, the strength of disord
in the CuO2 planes may be so high that the expected tw
dimensional transport is hindered. As will be shown later
Sec. III D the resistivity of the Pb-3252 film is found to b
lower as a result of further studies. In this case, the temp
ture dependence of resistivity becomes weaker t
exp(T21/4) and exp(T21/3), suggesting a weak localization.

C. Transport properties of Pb-3212 films

Transport properties for Pb-3212 phase films@nominal
compositions: ~Pb2Cu!Sr2Dy12yCayCu2O8# were investi-
gated as a reference for Pb32n2 (n53,5) films. The hole
concentration,p, would increase with Ca content followin
the relationp5y/2, from the simple calculation of the va
lence, assuming that the substitution does not create com
sating defects. Figure 7 shows the logarithm of resistiv
and thermopower as a function of temperature. Resisti
and thermopower decrease with Ca doping. The th
mopower data in Fig. 7~b! are consistent with the reporte
data for~Pb2Cu!Sr2Y12yCayCu2O8 single crystals.21 The val-
ues ofp for each sample were estimated to be 0.062 foy
50 and 0.119 fory50.21. These values agree well with th
expectation from the simple calculation of the valence.

The Ca doping withy50.21 brought a transition from
insulator to superconductor. The superconducting transi
temperature fory50.21 was determined from resistive tra

FIG. 7. Temperature dependence of~a! resistivity and~b! ther-
mopower for Pb-3212 films. The film compositions a
Pb1.00Sr2.40Dy1.19Cu2.82On (y50) and Pb0.99Sr2.24Dy0.77Ca0.21

Cu2.93On (y50.21).
l
r
-

a-
n

en-
y
ty
r-

n

sition. The temperatures where resistivity drops to 50% a
10% of the normal-state resistivity are 47.2 K and 41.6
respectively. These values are similar to the reported va
for bulk ceramics of~Pb2Cu!Sr2Y12yCayCu2O81z with y
50.15– 0.2.22

D. Transport properties of Pb-3252 films

The cation substitution of Ce41 by Dy31 to change the
carrier density in Pb-3252 phase films@nominal composi-
tions: ~Pb2Cu!Sr2DyxCe52x2dCu2O162z# was studied. From
the simple calculation of the valence assumingz50 andd
50, p would increase with Dy concentration,x, following
the relationp5(12x)/2. The temperature dependences
the logarithm of the in-plane resistivity and in-plane the
mopower are shown in Figs. 8~a! and 8~b!, respectively. Re-
sistivity and thermopower decrease with Dy content. T
most conductive sample has a resistivity of 7.
31022 V cm at T5298 K, and 1.7531021 V cm at T
540 K. The conductivity of the Pb-3252 sample has be
improved by a factor of 26 atT5298 K, and 430 atT
540 K, as compared with the previous report.4 This im-
provement was achieved after the optimization of film co
positions and growth conditions, such as growth temperat
and oxygenation conditions during the growth and during
cooling process after growth.

The temperature dependence of resistivity for the m
conductive sample in Fig. 8~a! is weaker than exp(T21/4) and
exp(T 21/3). This temperature dependence is no longer
plained by VRH, in contrast to the data in Fig. 6. The res
tivity is proportional to lnT at temperatures below 60 K. Thi
may be due to the weak localization effect and/or effects
Coulomb interaction between electrons in a random poten

FIG. 8. Temperature dependence of~a! resistivity and~b! ther-
mopower for Pb-3252 films.



a
2

m

pe
in
as

, t

in

at

1.
re
or
th
io

O
be-

The
Fig.

the

gen
n
-

r-

as

ing,
n

nt
ere
in-
ch
eet
st
esis-
Pb-
thin

erely
e is
sis-
32
3212

PRB 61 6339TRANSPORT PROPERTIES OF SEPARATED PAIRS OF . . .
in the two-dimensional system. Theoretically, the localiz
tion and interaction corrections to sheet conductance of
disordered electronic systems are expressed ass(T)5s0
1(ae2/2p2\)ln(T/T0), wherea is an order of unity.23 The
plot of sheet conductance of our film vs lnT appears to be
linear at temperatures below 40 K, anda is estimated to be
1.2 in this temperature region. The value ofa is consistent
with the theory.

The hole densities were estimated from the roo
temperature thermopower. A slight increase inp with x was
observed fromp50.0831 for x50.97 to p50.0891 for x
51.86. The substitution of Ce41 by Dy31 increased the hole
density, but the densities obtained disagreed with the ex
tation from the simple calculation of the valence, regard
the following two points. First, a self-doping of holes w
observed in the sample withx50.97 where we intended to
make the parent compound before hole doping. Second
hole concentration for the sample withx51.86 was smaller
than expected. This means that the efficiency of hole dop
with cation substitution is very low.

A generic phase diagram for the superconducting cupr
shows that superconductivity occurs when 0.05,p,0.3.
The largest value ofp in our Pb-3252 samples was 0.089
This is in the range of superconductivity. However, the
sistivity showed not metallic but weak localization behavi
This is in good contrast to the Pb-3212 phase, where
insulator-superconductor transition occurs with the cat
substitution of 0.21.

E. Transport properties of Pb-3232 films

Transport properties of the Pb-3232 phase@nominal com-
positions:~Pb2Cu!Sr2DyxCe32x2dCu2O122z# were studied as

FIG. 9. Temperature dependence of~a! resistivity and~b! ther-
mopower for Pb-3232 films.
-
D

-

c-
g

he

g

es

-
.
e

n

a function of the Dy content. The distance between Cu2
planes across the fluorite block in the Pb-3232 phase is
tween those of Pb-3212 and Pb-3252, and is 0.87 nm.
growth conditions were the same as those for Pb-3252 in
8. As in the case of Pb-3252, the substitution of the Ce41 ion
by Dy31 in the Pb-3232 phase was expected to increase
carrier density following the relationp5(12x)/2, if the sub-
stitution did not create compensating defects such as oxy
vacancies. Resistivity@Fig. 9~a!# at temperatures higher tha
100 K and thermopower@Fig. 9~b!# decreased with Dy con
tent.

The values ofp estimated from room-temperature the
mopower were 0.0757 forx51.00 and 0.0782 forx51.44.
Similar to the Pb-3252 phase, a self-doping of holes w
observed in the Pb-3232 sample withx51.00, where we
intended to make the parent compound before hole dop
and the efficiency of hole doping with cation substitutio
was very low.

F. Comparison of Pb-32n2 „nÄ1,3,5…

The resistivity of the Pb-32n2 phase withn51, 3, and 5
is compared in Fig. 10. Two or three samples with differe
doping levels for each phase are shown: all the data w
taken from Figs. 7, 8, and 9. The resistivity appears to
crease withn. To investigate conducting properties of ea
CuO2 plane, the data in Fig. 10 were converted to the sh
resistance per CuO2 plane, as shown in Fig. 11. The be
conducting sample in the Pb-3252 phase has a sheet r
tance value similar to the best conducting sample in the
3232 phase. This suggests that the electric conduction wi
a CuO2 plane does not deteriorate with the increase ofd from
0.87 nm (n53) to 1.41 nm (n55). Resistivity of the Pb-
3252 phase is greater than that of the Pb-3232 phase m
because the number of conduction planes per unit volum
smaller in the former. It should be noted that the sheet re
tance per CuO2 plane of carrier doped Pb-3252 and Pb-32
samples is nearly the same as that of the nondoped Pb-
phase.

FIG. 10. Comparison of resistivity for Pb-32n2 phase withn
51, 3, 5.
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IV. DISCUSSION

The carrier doping characteristics of Pb-3232 and
3252 phases are summarized as follows. First, self-dopin
holes was observed in the sample where we intende
make the parent compound before hole-doping. Secon
gain in the hole concentration by the cation substitution
the fluorite block was smaller than expected. We mentio
in Sec. III A that cation deficiency existed in the fluorite typ
block layer. The cation deficiency may cause the self-dop
One of the reasons for the second characteristic is that
substitution of the Ce41 ion by Dy31 creates compensatin
oxygen vacancies. The cation deficiency in the fluorite blo
may promote creation of such oxygen vacancies.

The mechanism by which the cation deficiency is crea
is probably related to the growth mechanism of the Pb-32n2
phase mentioned in Sec. II. During the growth of the fluor
block, island growth with facets occurred. The followin
self-organized formation of the layered structure made
flat fluorite block layer. The cation vacancies may be left
the fluorite block during this flattening process.

Next, we discuss why superconductivity is hard to obt
in layered cuprates having a multiple fluorite-type blo
layer. According to the interlayer tunneling model,6,7 Tc
would decrease with increasingd, because the absolute valu
of the Josephson coupling energy and consequently the
densation energy of the superconductor decrease. The th
considering the interlayer Cooper pair formation8 suggests
that Tc decreases with increasingd, as a consequence of th
decrease in the coupling constant of interlayer pairing in
action. Both of the models predict that the values ofTc for
the Pb-3232 and Pb-3252 phase are lower than that for
Pb-3212 phase. The present study showed that the Pb-3n2
compound withn53 and 5 did not exhibit superconductivit
down to 2 K, in spite of the fact that the hole density w
sufficient for superconductivity, although the density w
somewhat lower than the optimal value (p50.15– 0.2). It
should be noted that resistivity of the Pb-3232 and Pb-3
sample increases with decreasing temperature. We hav

FIG. 11. Sheet resistance per CuO2 plane for Pb-32n2 phase
with n51, 3, 5.
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consider why metallic conduction is not obtained, before d
cussing the comparison of the above-mentioned models
the experimental results.

The resistivity of Pb-3252 phase suggests the weak lo
ization and/or effects of the interaction between electrons
the disordered two-dimensional electronic system~see Sec.
III D !. Then, it is supposed that a disordered potential yield
in the CuO2 planes destroys the superconductivity. In t
Pb-3252 phase, the dimensionality of electronic system
expected to be lower than that of Pb-3212. If the dimensi
ality becomes lower from three to two, the wave function
charge carrier tends to be more strongly localized and e
tric conduction is influenced more strongly by the disorde
potential.23 One of the possible sources of the disorder
potential for charge carriers is the cation deficiency in
fluorite-type block layer. This is considered to be one of t
reasons for the absence of superconductivity in the Pb-3n2
phase withn>3. Note that the occurrence of supercondu
tivity in ~Ln2/3Ce1/3!2~La1/3Ba1/3Sr1/3!2Cu3O92z depends on
the ionic radius of the rare earth element in the fluorite blo
In this case, it was supposed that the disordered poten
similar to the case of Zn doping in the CuO2 plane, existed in
the nonsuperconducting compound.24 This might be a char-
acteristic common to CuO2 planes adjacent to a fluorit
block.

The hole density in the Pb-32n2 phase withn53, 5
slightly increased by cation substitution. However, it see
to be difficult for it to reach the optimal value for superco
ductivity, judging from the extrapolation of the measur
data. The difficulty in optimal doping is also the reason f
the absence of superconductivity in the Pb-32n2 phase with
n>3.

The sheet conductance per CuO2 plane is similar for the
Pb-3232 phase and Pb-3252 phase, as mentioned in
III F. This means that the strength of localization does n
increase when the distance between a pair of CuO2 planes,d,
increases from 0.87 nm to 1.44 nm. Then, the Pb-32n2 fam-
ily with n53 – 8 is useful in changing thec-axis transport
while the in-plane transport is kept constant.

In the next phase of this study, our aim is to achie
control of the Josephson coupling along thec-axis using the
Pb-32n2 family. To achieve this, it is desirable that the s
perconducting order parameter extend to the CuO2 plane ad-
jacent to the fluorite block in the Pb-32n2 phase. For cuprate
superlattices, Bozovic and Eckstein already pointed out
hole depletion and localization in the interface CuO2 plane
are particularly important for the semiconducting or insul
ing spacer layer.25 These two factors must be eliminated
order to obtain SIS tunnel junctions. In fact, the
~BiSrCa3Cu4Ox/33SrTiO3/Cu4Ca3SrBiOx)n superlattice
showed two-dimensional VRH.25 In the present study, the
CuO2 plane in the Pb-3252 phase is doped with holes w
nearly the same level as the superconductor, but the hole
weakly localized. The question is whether the proximity e
fect acts on the CuO2 plane in a Pb-3252 unit cell inserted i
a thick Pb-3212 superconductor, or not. Microscopic cons
erations are needed in order to answer this question but
information is not available now. So, we discuss the me
scopic and macroscopic approaches based on the proxi
effect in the conventional superconductor. Actually, the e
perimental results for the proximity effect~PE! in the high-
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Tc SN8S junctions, whereN8 is a cation-substituted supe
conductor with reducedTc , are explained by the conven
tional PE theory.26

Recently, a theoretical study of the PE in a 2D disorde
conductor, taking Coulomb interaction into account, h
been reported.27 This suggests that the PE appears in
disordered metal~resistivityr and thicknessD! attached to a
bulk superconductor except for the case of a sufficien
strong disorder. The critical value above which an ene
gap due to PE in the normal metal vanishes istl/451,
where t5(e2/2p2\)(r/D) expresses the strength of th
disorder.27 Here,l is a dimensionless parameter concern
the Coulomb interaction and may be of the order of 0.1–128

Substituting the sheet resistance per CuO2 plane in the Pb-
3252 sample~Fig. 11! into (r/D), we obtaint517.8 at 30
K. Using this value, we are aware that our sample is near
border line. Unfortunately, the values ofl for the cuprates
and our sample are as yet unknown and we cannot ju
using the above criteria. In the layered cuprates, a C2
plane withp,0.05 is an insulator. In this case, the conve
tional PE does not act effectively. Generally speaking,
coherence length in normal metal,jN , increases with the
carrier concentration. In a CuO2 plane, however, exces
holes with p.0.3 may be harmful to pair correlation
Therefore, we consider that 0.05,p,0.3 is necessary for PE
in the CuO2 plane of the Pb-3252 phase. This condition h
been satisfied in the present study. Thus, we may expect
the order parameter extends to the CuO2 planes in the one-
unit-cell-thick Pb-3252 phase inserted in the supercond
ing Pb-3212 layer. Such a layered structure can be c
structed by using the MBE method, as shown in Fig. 3.

On the other hand, the recently constructed SO~5! theory
of high-temperature superconductivity suggests thatjN in an
underdoped nonsuperconducting cuprate is longer than
expected value from the conventional PE theory.29 This
means that superconducting order does not have to vanis
the atomic scale in the underdoped nonsuperconducting
prate. This reinforces our argument in favor of the extens
of the order parameter to the CuO2 plane in the Pb-3252
phase.
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V. SUMMARY

We have studied resistivity and thermopower f
Pb-32n2 phase films withn51, 3, and 5. This is a system
atic study of the transport properties of separated pairs
pyramidal CuO2 planes withd.0.9 nm. The growth condi-
tions and compositions of the film samples were optimized
make conductive Pb-3252 films. We obtained the hole c
centrationp50.089, which was within the range for the o
currence of superconductivity in layered cuprates, but re
tivity still showed weak localization behavior. Here, the ho
concentrationp per @CuO# was estimated from the room
temperature thermopower. The electric conduction within
CuO2 plane does not deteriorate with the increase ofd from
0.87 nm~Pb-3232 phase! to 1.41 nm~Pb-3252 phase!. Thus
the Pb-32n2 phases withn53 – 8 have the potential to con
trol the Josephson coupling along thec axis.

For the Pb-3232 and Pb-3252 phases, the cation subs
tion of Ce41 by Dy31 makes resistivity and thermopowe
lower, but the increase in hole concentration is lower th
expected from the simple calculation of the valence. T
composition dependence of thec-axis length suggests tha
the cation deficiency exists in the multiple fluorite-type blo
layer. There are considered to be two reasons for the abs
of superconductivity in the Pb-3232 and Pb-3252 phas
The first is that a disordered potential for charge carrier m
exist in the CuO2 planes. The cation deficiency in the fluori
block is a possible source of the disordered potential. T
second reason is the difficulty in optimal doping.
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