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We report on superconducting superlattices in which the distances between the superconducting layers are
controlled at the shortest intervals so far achieved. This was accomplished by the artificial modification of an
atomic layer stacking in the crystal structure of 4€b)SkpDy,Ce, ,Cu,0,,, ¢ (Pb-312 phasen=3-38),
utilizing the tendency to self-organize a layered structéie.initio electronic structure calculations for the
Pb-372 phase with n=1-3 suggest that the anisotropy of conduction increases withIn
[(Pb-312),(Pb-3212}]¢ (n=3, 4, 6 superconducting superlattices, the activation energy of flux motion
decreases with increasimg The above observations and the change in the shape of resistive transitions suggest
that the interlayer coupling decreases with increasing the distances between the superconducting layers, as
expected. We discuss coupling mechanisms.
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[. INTRODUCTION Josephson couplintjwe successfully grew epitaxial films of
Pb-3212 with n=3-8 by the atomic layer-by-layer molecu-
Atomic layer engineering for tailoring the properties of lar beam epitaxyMBE) technique’ The Pb-322 phases
high-T,, cuprate superconductors and related oxides has be@ith n>4 are essentially impossible to obtain in pure phase
developed in the last deca#&This technology is based on form with bulk processes, since all these phases are energeti-
the atomic layer-by-layer growth of thin films. From now on, cally very close. In a previous papt,we reported the in-

" : L .. plane transport properties of Pb48films withn=3 and 5.
atomic Iayerl engineernng |s_expecteq to be devgloped \.N'th he Pb-322 phases witin>2 have not exhibited supercon-
view to realizing multifunctional oxide electronics dewcesd

) - . . : uctivity to date. So, we have made a multilayer of the
|nglud!ng SENsors, processors, and memones,_whlch will b?szCu)Sl’szl_yCa/CUzosw (Pb-3212 phagesupercon-
epitaxially integrated on a single crystdl,and its impor-  gyctor and the Pb-32 phase witm>2 to investigate how
tance is bound to grow in the context of nanotechnology. the anisotropy of superconductivity is affected by changing
One of the properties of cuprate superconductors worthy,e interlayer spacing.
modifying is the interlayer Josephson coupling. The cuprate Taking advantage of the naturally layered structure, high-
superconductors can be regarded as stacks of intrinsic Jo, multilayer structures have been extensively studigd.
sephson junctions, because of their layered crystal stru%tureThey offer the possibility of modifying in a systematic way
The intrinsic junctions offer high performance, such as highsome specific properties of high- superconductors, such as
IRy product and superconductor-insulator-superconductovortex dynamics. Various superlattices have been reported,
tunnel characteristics. However, the series array of the samgich as  YBaCu;0;/PrBaCu;0;,  (YBCO/PBCO,
junctions alone is of limited use for electronic applications:Bi,Sr,CaCy0g/Bi,Sr,Cu,05, and YBgCu;0,;/SrRuQ,.
technologies for making a single junction at any place argn these superlattices, the thickness of the spacer material
needed. Thus the control of Josephson coupling in the arbivas restricted to an integral multiple of theaxis length, for
trary unit cell of layered cuprates is desirable in electronicexample 1.2 nm for PBCO. The shortest unit length was a
applications. This should be accomplished by the artificialattice parameter of a perovskite primitive cét0.39 nnj.
modification of an atomic layer stacking in the crystal struc-For the superlattices, the two materials should be compatible
ture, utilizing the tendency to self-organize a layered strucchemically, crystallographically, and electronicdilysince
ture. Apart from the applications, an arbitrary control of in- not every combination of oxides satisfies the above three
terlayer Josephson coupling offers unique opportunities t@onditions, careful selection is needed. Regarding various
study the mechanism of superconductivity and vortex dy-multilayer structures, variations in conductivify. and vor-
namics. tex dynamics have been discussed in terms of the coupling
In  (Pb,Cu)Sk(LNn,Ce)ChOs42,-, (1=2, Ln  between the superconducting layBrdowever, the mecha-
=trivalent rare-earth elementPb-3212 phasg which is a  nisms and effects of interlayer coupling, including the long-
layered cuprate having a multiple fluorite-type block layer,range proximity effect, are still subject to debafe’ There-
the spacing between a pair of Cuflanes can be arbitrarily fore further studies on other systems are needed.
chosen. So, the Pb-B2 family offers the potential to con- In this paper, we report interesting superlattices in which
trol electronic anisotropy or the strength of the interlayerthe distances between the superconducting layers are con-
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trolled at the shortest intervals so far achieved. This worlcontrol the anisotropy of the superconductivity. The results
reveals that Pb-32 compound witm>2 and Pb-3212 su- are shown in the following.
perconductor are a suitable combination for the supercon-
ducting superlattices. The studies of crystal structure using
x-ray diffraction, reflection high-energy electron diffraction,
and transmission electron microscopy indicate chemical and Thin films were grown by sequential deposition using the
crystallographic compatibility. The resistance measurementsolecular beam epitaxfMBE) apparatus. The MBE growth
show superconductivity of the superlattices and, conseef the Pb-3212 superconductdt* and the Pb-322: n
quently, chemical and electronic compatibility. Finally, we =3—8 phastwas previously reported. So, we briefly de-
report successful control of the interlayer coupling of superscribe the sample preparation. Pb, Sr, Dy, Ce, Ca, and Cu
conductivity by changing the interlayer distance at the shortmetals were evaporated from the effusion cells onto a
est intervals so far achieved. The coupling mechanisms argrTiO,(001) surface. The surface structure and growth
discussed. Preliminary results were published elsewhere. mechanisms have been investigated ihysitu reflection
high-energy electron diffractiofRHEED). We have synthe-
Il. MATERIALS OVERVIEW sized superlattices of alternating one-unit-cell-thick layers of
the Pb-322 phase[(Pb,Cu)SkDy,Ce, _ sCOysni6-;:
The Pb-322 phase witm>2 has multiple-stacked fluo- n=3-7,x=1.4] with two- or three-unit-cell-thick layers of
rite block layer,[(Ln,Ce)Q], (Ln is a trivalent rare-earth  Pb-3212 superconductof(Pb,Cu)SkDy; ,C8,Cl,Og
element, between a pair of CuOplanes in its crystal struc- y=0.4], which are expressed a6Pb-3212),(Pb-3212),],:
ture. This block layer probably acts as an insulator. Then=2-3,k=9-13. The crystal structure of one cycle for
Pb-3212 family is a unique system in that the distande =3, m=3 is shown in Fig. 1. Here and in the rest of this
between the bases of a pair of pyramidal Cu-O planes acroggper, we express the unit cell from the bottom( T site in
the fluorite block can be changed with a unit thickness ofthe [SrO-PbO-Cu-PbO-Sr{block layer to the top OU) site
0.27-0.28 nm through changing the layer numbeof the  for convenience of explanation, as shown in Fig. 1. It should
rare-earth oxide. This interval corresponds to half of the lathe noted that cation deficiengywithin the range between
tice constant of CeQ Structural chemistry and in-plane 0.3 and 1.2 exists in the fluorite block of Pb+@2 phase
transport properties of the Pb-82 phase films witm=3,5  films with n=3-8> Growth conditions, such as the growth
were reported in Ref. 5. Recently, the electronic structures ofemperature and the oxygenation conditions during growth
the Pb-3222 and Pb-3232 phases were calculated and wesad during the cooling process after growth, were previously
compared with those for the Pb-3212 ph&&&he calcula-  optimized for the Pb-322 phasé:® In this study, the con-
tions were done within the local-density approximation, us-ditions were finely tuned for obtaining reproducible super-
ing the wiENe7 package;' which is based on the full- conductivity in the superlattices. During growth, the sub-
potential linear augmented plane-wave method. strate temperature was kept constant at 943 K and pure ozone
Our chief concern is the change in transport propertiegjas was supplied to the substrate: the flux density gf O
and electronic anisotropy with increasing the distance bemolecules was estimated to be<@0' sec 1 m~2 on the
tween a pair of Cu@ planes. The Fermi velocities parallel substrate.
(v)) and perpendiculary; ) to the CuQ plane were quanti- The chemical composition of the films was evaluated
tatively evaluated from the calculated energy bands. #fhe from the metal flux densities just before the deposition, the
values are 3.8.10" and 3.5<10’ cm/s for Pb-3212 and Pb- durations of shutter opening, and the chemical analysis by
3232, respectively. These values are comparable with thosaductively coupled plasma emission spectroscopy for other
for other highT, superconductor¥. The calculations samples deposited under similar conditions. The evaluated
showed that the antibonding bands of Cii3 2 and O 2 compositions fof (Pb-312),(Pb-3212}]4 superlattices are
orbitals have similar in-plane dispersion for the Pb-3212, Pbshown in Table | as the number of atoms péxplane unit
3222, and Pb-3232 phastsThese results suggest that in- cell area(0.148 nnf) per shuttering cycle for each phase. In
plane transport properties are insensitive to the distance bese films, Pb was about 30% deficient in terms of the sto-
tween a pair of Cu@ planes. Experimentally, the sheet ichiometric compositiorf® The Sr-rich and Cu-deficient con-
conductance per Cuyplane was estimated from the resis- ditions were chosen to prevent the precipitation o§@d>14
tivity data and was similar for the Pb-3232 phase and PbThe cation deficiency in the fluorite block of the samples in
3252 phasé.This means that the strength of localization Table | was within the range between 0.4 and 0.8. Cu com-
does not increase when the distance between a pair of Cu@osition per unit cell was controlled at 96—100% of the sto-
planesd increases from 0.87 to 1.44 rim. ichiometric value, as shown in Table I. The composition of
The electronic anisotropy was evaluated from the ratioDy plus Ca per Pb-3212 unit cell was controlled at 100—
v, lv,. Thev, /vy, values are 0.13 and 0.03 for Pb-3212 and105% of the stoichiometric value.
Pb-3232, respectively. If the anisotropy of conductivity were  After the film growth, the phases present and lattice pa-
naively estimated fromx, /v,)?, the anisotropy of Pb-3232 rameters were determined by x-ray diffracti®tRD), using
would be larger than that of Pb-3212 by one order of mag-Cu-K« radiation. The structure of the layers was studied
nitude. Therefore the Pb-82 family is useful for the pur- using high-resolution transmission electron microscopy. Re-
pose of changing the-axis transport while the in-plane sistance measurements were carried out by a conventional dc
transport is kept constant. Utilizing this family, we tried to four-probe method in the temperature range between 1.5 and

IIl. EXPERIMENT
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FIG. 2. XRD pattern for[ (Pb-3242)(Pb-3212}], superlat-
tices. Thick black line indicates the experimental result. Thin gray
line indicates the calculated diffraction pattern. Both patterns are
normalized to 100 at the main peak of228.8°. Closed circles
indicate the peaks due to the substrate.

field. The sample holder can be rotated relative to the mag-
netic field with accuracy better than 0.1°.

IV. RESULTS AND DISCUSSION
A. Crystal structure

First, we show the results of x-ray diffraction. The XRD
pattern for[ (Pb-312),(Pb-3212}]49: n=4 superlattices is
shown in Fig. 2. The thick black line indicates the experi-
mental result. The thin gray line indicates the calculated dif-
fraction pattern assuming the ideal crystal structure.

From the experimental XRD patterns, tleaxis length
for the superlattices,, which is a thickness of one cycle,
was obtained by the least-square method. The results are
shown in Fig. 3 and Table Il. In Table Ih=1, m=3, and
L =9 represent the Pb-3212 single-phase film with 36-unit-
cell thickness. Assuming the ideal crystal structures, which
we will describe in the next paragraph, theaxis lengths
Cigeat Were calculated as shown in Table Il. In the calculation,
n values were chosen according to the design, which were
consistent with the compositions in Table |. The values of
Cexp agree well withCige Within the experimental errdf.

The slope of the first-order linear regression of Fi¢g)3s
0.275 nm peiAn=1. The slope of the line through two data
points of Fig. 3b) is 0.275 nm pelAn=1. These slopes are

300 K. Resistivity was also measured under an applied fiel¢donsistent with the expected valtfeThus the periodic struc-

of 0.03-10 T using a superconducting solenoid. The currentures were obtained just as intended. Next, we examine the
was parallel to the CuDplane. The sample temperature wasinterior of one cycle.

measured by using the calibrated Cernox sefisake Shore
Cryotronics Inc), which was hardly affected by the magnetic was calculated taking into account the Laue function, the

An XRD pattern for the following ideal crystal structure

TABLE |. The evaluated compositions fp(Pb-312),(Pb-3212}]4 superlattices.

>

Pb-3212 phase Pb-3212 phase

3 Pby 4St, DY1 .48 1 LU oy Py 4S1; dDY0.66C8 48C W 0Oy
4 Pby 4STr, sDY1 4/C€1 7 oy Py 4S1, sDY0.6dC8 45C U 9Oy
6 Py 4S1, DY1.4/C85 9L, 50y Py 4S1; ADYo 61C8 4L U 970y

014536-3



SUMIO IKEGAWA et al. PHYSICAL REVIEW B 66, 014536 (2002

concerning their average structure. However, significant
broadening of the measured diffraction peaks was observed
- as seen in Fig. 2. There may be several reasons for the broad-
P ening.
P Before discussing the superlattices, we have to look back
at the XRD patterns for the Pb-B82 single-phase samples.
The diffraction peaks of Pb-3252 and Pb-3232 single phases
6 . reported in Ref. 5 were broad in the experimental data com-
= pared with the simulated “ideal” XRD spectrum. In the film
— samples, several kinds of defect may exist such as Pb vacan-
cies up to 30%, cation vacancies in the fluorite block with
30 (b)l[(Pb'32‘"2)1(Pbl'3212)2?” the amount of5, and possible occupation of surplus Sr in the
3 4 5 6 Pb sites. Intergrowth of the unit cell with differentvalue,
n which was frequently observed in the TEM photograph of
bulk sampleg® may also exist in the film sample. Random
FIG. 3. The experimentally obtaineslaxis length for superlat-  distributions of these defects are the reason for the broaden-
tices.(a) [(Pb-322),(Pb-3212}]9:n=3-6 superlattices. The line ing of the diffraction peaks for the Pb-3252 and Pb-3232
for (a shows the first-order linear regression(b)  phases. This is also true for the present superlattices.
[(Pb-3D2),(Pb-3212}]15:n=3, 5 superlattices. Additionally in superlattices, interfacial disorder has to be
considered? In the superlattices of the layered cuprate, there
structure factor, the Lorentz factor, and the absorption factoare two major kinds of interfacial disord&t:(i) steps of
for a finite-thickness film. In the calculation, we referred tointeger number of unit cells andi) interdiffusion of the
Cavaet al. for the crystal structure of the Pb-3212 ph&$e. different constituent elements in the two components: Ca and
The atom positions for the Pb-82 phase withn=3-6  Ce for the Pb-3212 and Pb-82 (n>2) phases, respec-
were estimated based on the Pb-3212 structure asvely. These interfacial disorders bring about the broadening
follows**>°The atom positions of the double fluorite block, of the diffraction peaks. Disordefi) with one-unit-cell
[(Ln,Ce)Q]5, were reported by Wadet al*® The positions  height is inevitable with the present technology. Disorier
for the multiple fluorite block were extrapolated by the in- may be present to a certain extent but is so weak that super-
sertion of the Ce@layers in the center of the double fluorite conductivity in the Pb-3212 layer survives as will be shown
block. The multiple fluorite block were inserted between thelater in Sec. IV B. In principle, many kinds of structural dis-
CuG, planes in place of theL(n,Ca) layer of the Pb-3212 order in superlattices can be quantitatively determined by
structure. Finally, we took into account the difference in thefitting the XRD profiles?l=23In the present case, however, it
ionic radius for different.n®".1° The peak positions and the is too complicated to analyze in terms of the structural re-
relative intensities of measured XRD pattethick black finement since the broadening arises from both disorder
line in Fig. 2 qualitatively agree with those of the calculated within the Pb-322 and Pb-3212 phases and interfacial dis-
one (thin gray line in Fig. 2. The experimentally obtained order of superlattices.
XRD patterns for other superlattices of  Next, we show RHEED observations during growth of the
[(Pb-3212),(Pb-3212),]x with n=3-7, m=2-3, k superlattices. Two-dimensional epitaxial growth was ob-
=9-13 also qualitatively agreed with the calculated patternserved for the superlattices, as was the case for the Pb-3212
assuming the ideal crystal structure. This suggests that dsingle phast and Pb-382 single phasé.Figures 4a) and
sired crystal structure of superlattices was obtained at leagb) show typical oscillation of RHEED intensity during

8 |(a) [I(Pb-32r;2)1(Pb-II’:212)3]; .

TABLE Il. The lattice parametec and the thickness of insulating layér and superconducting layel
for [(Pb-32),(Pb-3212),], superlatticesce,, and cjsey are the experimentally obtained values and the
calculated values assuming the ideal crystal structure, respectiyedind d; are estimated for the ideal
crystal structure in two cases. In case A, we assumedhiatthe distance between the Cu@lanes across
the fluorite block in the Pb-32 phase. In case B, theaxis length for Pb-322 is regarded asl;. dg
=Cigeard; in each case.

Case A Case B

n m L Cexp (NM) Cigeal (NM) d; (nm) ds (nm) d; (nm) ds (nm)
1 3 9 1.575-0.002 1.573

3 3 9 6.85-0.01 6.84 0.86 5.98 2.12 4.72
4 3 9 7.12:0.02 7.11 1.13 5.98 2.39 4.72
6 3 9 7.67-0.02 7.66 1.67 5.98 2.94 4.72
3 2 13 5.280.02 5.27 0.86 4.41 2.12 3.15
5 2 13 5.830.01 5.81 1.40 4.41 2.66 3.15
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FIG. 5. TEM image of
[(Pb-3242)(Pb-3212)]4 superlattices. Horizontal arrows indicate
[PbO-Cu-Pb@ block layers. Three cycles of the same structure,
which correspond to three unit cells of Pb-3212 phase, are clearly
visible.

Cross-sectional

0 5 15

creases. After the deposition of Pb oxide, the RHEED pattern
becomes faint streaks as shown in Fige)4After deposition
of the next Cu@ plane, the streak pattern without superpo-
sition of the spot pattern is restorgiig. 4(f)] to its original
shapgFig. 4(c)]. This indicates the tendency to self-organize
a layered structure which distinguishes the Pix3Phase
from the simple Ce@ insulator. The RHEED oscillations
during growth of Pb-3242 and Pb-3212 single phases were
reported in Fig. 2 of Ref. 5 and Fig. 4 of Ref. 13, respec-
tively. The RHEED oscillation for the superlattices in Figs.
4(a) and(b) appears to be a combination of the oscillation for
the Pb-3242 single phase and that for the Pb-3212 single
phase. This means that each unit cell in the superlattices
FIG. 4. RHEED observations during growth of grew just like in the single-phase sample.
[(Pb-3242)(Pb-3212}], superlattices(a) Intensity of the spot as A cross-sectional transmission electron microscopy
a function of time;(b) intensity of the streak as a function of time. (TEM) was used to study the structure of the layers of the
The bars b(eio‘g:'geEg“rve; indicfe:te tti;]e igter"a_'t_""h”efeti‘:h(i‘gtteéamples. The TEM image of the superlattices with 7, m
was open.(c pattern atter the deposition (? € =2, k=15 in the previous papeshowed regularly aligned
plane and just before the deposition of fluorite blogk; RHEED dark bands, which corresponded to the fluorite block layers,

pattern after the deposition of fluorite blocke) RHEED pattern d d with the desired In thi b
after the deposition of Pb oxid€f) RHEED pattern after the depo- and agreed with the desired structure. In this paper we ob-

siion of the CuQ plane of Pb-3212 phase. The time instant for S€rved the superlattices with=4, m=3, k=9 by TEM. The
patterns(c)—(f) are shown in the upper panel. TEM image of this sample was also characterized by the
regularly aligned dark bands, which corresponded to the
growth of the[(Pb-312),(Pb-3212}]y: n=4 superlat- fluorite block layers. The periodic structure agreed well with
tices. During the deposition of Pb-3212 layer, the RHEEDthe plan. In the sample preparation for cross-sectional TEM,
intensity oscillates with a period of one unit cell while the the fluorite block is harder to be thinned by the ion-milling
streak pattern is retained. The intensity decreases during thkan the other part of the superlattices. Then the periodic
deposition of Pb oxide, suggesting disordered surface layaontrast was visible and the dark bands appeared in the prox-
of Pb oxide!® and increases during the deposition of Cu andimity of the fluorite blocks. In this paper, we made close
other elements. During the deposition of the Pb-3242 unibbservation between the dark bands. Figure 5 shows a high-
cell, an additional feature appears. The spot pattern was swesolution phase contrast micrograph between the two dark
perposed on the streak pattern during the deposition of fludsands. Heavy atoms, such as Pb, appear to be dark in this
rite block[(Dy, Ce)G], as shown in Fig. @), suggesting figure. In Fig. 5, we can see four rows of black dumbbells as
the formation of islands on the surface. This spot pattern isndicated by horizontal arrows, which correspond to the
similar to the case of island growth ¢£00-oriented Ce@  [PbO-Cu-PbQ block layer, between the upper and lower
film with {111} facet. The intensity of the sp@a) increases dark bands. Thus three cycles of the same structure, which
during the deposition of fluorite block. In the next stage,correspond to three unit cells of the Pb-3212 phase, are
during deposition of Pb oxide, the intensity of the spot de-clearly visible between the fluorite blocks, as designed.
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The RHEED oscillations and TEM image show that there 0.008 - T - T - T
is no significant mixing between the Pb+82 phase witm . a) n=1
>2 and the Pb-3212 phase. These results rule out the possi- E 0.006 |
bility of the superlattices consisting of different layers from <] #HIICuO, plane
the plan but having the santeaxis length. 2 o004l —OT 4
The XRD, RHEED, and TEM experiments show that the % """" 25T
superlattices were obtained as planned. This was accom- ® — - 57
) | o 9 0002 —— 75T y
plished after a precise control of the compositions per cycle @ —_ 10T
as shown in Table I. The results indicate chemical and crys- 7
tallographic compatibility between the Pb+8 (n>2) and °'°°°o ' 2'0 = 40 ' slo

Pb-3212 phases for making superlattices. The increase of the Temperature (K)
c-axis length by a unit length of 0.275 nm with increasing
indicates that the distance between the gylanes in the
Pb-312 phase (>2) increased by the same unit length.
Namely, the distances between the superconducting layers
are controlled at the shortest intervals so far achieved.
Superconducting superlattices consist of superconducting
and nonsuperconducting layers. In the present superlattices,
the range of superconducting order along the stacking direc-
tion is not clear at present. So we divide tt\g., into two
parts for a guide to picture the thickness of the superconduct- 0.00
ing layerds and nonsuperconducting layér. A simple idea
is that three times-axis length for Pb-3212 is regarded as
ds. In this cased;, is the c-axis length for Pb-322. The
estimated values ofl; and d; assuming the ideal crystal
structure are shown in Table Il as case B. Case A in Table Il
is the case that the superconducting order parameter develops
within the broadest range in the superlattices. Nantlys
the thickness of the fluorite block layer in the ideal structure,
which is defined by the distance between the gylnes 0.00
across the fluorite block, ardy, is the thickness of the rest in
the one cycle of superlatticésee Fig. L

0.01

Resistivity (Qcm)

0.01

Resistivity (Qcm)

0.02

B. Resistive transition

o 0.01
The temperature dependence of resistivity for

[(Pb-3212),(Pb-3212}]4 with n=1, 3, 4, 6 was measured
under a zero field and an applied field parallel and perpen- 0.00 , . ‘ .
dicular to the Cu@ plane. The results are shown in Figs. 6 o 20 40
and 7. Heren=1 represents the Pb-3212 single-phase film
with 36 unit-cell thickness. As shown in Figs. 6 and 7, we
successfully obtained superconductivity in the superlattices. FiG. 6. Resistive transition under an applied field parallel to the
In zero fields, the zero resistance state appeared at tempetuo, plane for (Pb-312),(Pb-3212}], with n=1, 3, 4, 6 super-
tures below 26.4, 2.01, and 2.04 K far=1, 3, and 4, re- |attices.

spectively. Fom=6, the zero resistance state did not appear,

which may be due to the limited temperature range of measuperconducting order parameter is well developed and the
surements T=1.57K) and large superconducting fluctua- thermally activated flux floolTAFF) dominates the energy
tions. We observed that the resistivity for the sample withdissipation under the magnetic field. Region Il is approxi-
n=6 decreased down to 5% of the normal-state value at 1.5mately the temperature range whese<Bp,: B~0.012°

K and considered the sample as superconductor. ResistivifQur purpose is to elucidate how the interlayer spacing affects
for each sample increases with increasing magnetic field, ke interlayer coupling of superconductivity, which consists
in the case of an ordinary superconductor. of the Josephson coupling and magnetic coupling.

We now discuss the changes in the resistive transition In a zero field, resistivity fom=3, 4, and 6 increases
depending om from the following two points of view. Re- gradually with decreasing temperature from room tempera-
gion |: the amplitude of superconducting order parameter igure and exhibits maximum at around 40 K and then de-
small and fluctuations in the amplitude are crucial to thecreases with decreasing temperature, which indicates that the
energy dissipation. Roughly speaking, the temperature rangaiperconductivity starts to develop. Figure 8 shows the tem-
wherep>Ap, : A=0.2—-0.7, where,, is normal-state resis- peratureT ., at which resistivity exhibits the maximum for
tivity, corresponds to region? Region II: the amplitude of the samples with=3-6.T ., Seems to be independent of

Resistivity (Qcm)

Temperature (K)
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0.008 T T T T T 1 50 T T T T
_ a) n=1
é 0.006 " 4,HLCuO, plane 40 - ..\Tmax—. 1
2 — 0T
3 0.004 [ . 30 | |
2 -— - 5T - 3
$ 0.002F—— 75T B ~
— 10T 2 20 A 7
0.000 = ' Tra- 140
10F wm A
w110
—-a
o 1 1 1 1
£ 3 4 5 6
8 n
= 0.01 o
£ FIG. 8. Then dependence of characteristic temperatures for
z [(Pb-312),(Pb-3212}]4 with n=3, 4, 6 superlattices. 5 is the
'g temperature at which resistivity shows maximu.(0) and
x T.(10) are the critical temperatures, defined by the temperature at
/ which resistivity drops 70% of the maximum valpg under zero
0.00 ‘ : ’ ’ fields and an applied field of 10 T perpendicular to the €plane,
—_ respectively. Lines are a guide for the eyes.
g 0.01
& Fig. 7, it is conspicuous in the perpendicular magnetic field
.E‘ that the temperature width betweeép,, and T, is expanded
H asn increases. In Fig. 8, the critical temperatufeg10)
@ under an applied field of 10 T perpendicular to the GuO
o plane are also shown. It should be noted that the change of
0.00 T. definition, for example, to the temperature at which resis-
_ tivity drops 50—-90% ofpy, did not qualitatively alter the
£ results: T, decreases with increasimg
8, 0.02 The increase of the temperature width betwé@ep, and
- T. suggests that the fluctuations in the order parameter grow
:'_§_' stronger with increasing. This suggests that the interlayer
@ 0.01 Josephson coupling is considered to become weak with in-
4 creasingn.
x
0.00 . L : L C. Activation energy
0 20 40

The activation energy) for flux motion was estimated
using the Arrhenius plots of the resistivity data under the
FIG. 7. Resistive transition under an applied field perpendiculatmagne'[IC field, assuming that the thermally activated flux

to the CuQ plane for[ (Pb-3212),(Pb-3212) ], with n=1, 3, 4, 6 flow (TAFF) dominates the energy dissipgtidﬂ.was esti—.
superlattices. mated from each curve of resistive transitions under various

magnetic fields fof (Pb-3212),(Pb-3212}]q with n=1, 3,
n, which implies that superconducting order starts at nearly, and 6. The data in the region where the viscous flow of the
the same temperature for the samples withk3—6. Of  flux lines is dominant must be eliminated to estimdteBa-
course,T .« does not strictly represent the starting point of sically, U was estimated from the data p¥ 0.01py in each
superconducting order and is a guide. Another guide for theurve. For the resistivity curve not to decrease down to
starting point of superconducting order is the temperature).0lpy due to the limited temperature range of measure-
Teemi» at which resistivity separates from semiconductingments, U was estimated from the data &2 K and p
thermal activation behavior on the high-temperature side<0.lpy . For the resistivity curve not to decrease down to
Teemiwas 58-61 K and, likd .., appeared to be indepen- 0.1py at 2 K, we could not estimate). Thus obtainedJ
dent ofn for n=3-6. Figure 8 also shows the critical tem- values are larger than 2 K, which is consistent with our re-
perature in zero fields,;(0), which was defined by the tem- striction on temperature range of the data used. Figure 9
perature at which resistivity drops 70% of the maximumshows one example of Arrhenius plots and the procedure for
value,py . The temperature width betwe@h,,,andT.(0) is  obtaining the activation energy(t). It should be noted that
expanded as increases. This means that the temperaturgositive curvature was observed in the temperature range be-
width of region | is expanded as increases. As shown in low the onset of superconductivity and above TAFF region in

Temperature (K)
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FIG. 9. Arrhenius plots of resistivity under various magnetic
fields perpendicular to the CyO plane for ol ol
[(Pb-3242)(Pb-3212})] superlattices. Lines show the first-order 0.1 1 10
linear regression for evaluation of the activation energy. BH (T)

the Arrhenius plots, unlike the case of YBCO/PBCO super-
lattices. This behavior was also reported fos®3CaCyO,  pendicular to the Cu@plane for[(Pb-3212),(Pb-3212}], with
(Ref. 26 and HgBaCaCu;Og, 5.2’ Lines in Fig. 9 show n=1, 3, 4, 6 superlattices.

the first-order linear regression to the data points that satisfy
the above-mentioned conditiorid(t) was obtained from the

FIG. 11. Activation energy at =0 under an applied field per-

In the case oH|ICuG, plane (Fig. 10, U, for the Pb-

slope of the lines. The activation energyTat 0, U,, was

calculated by us

ing a relatiéh

3212 single-phase filmn=1) showsUy~H %2 which is
usually reported for YBCO film&° As shown in Fig. 10U,

(1—t2)d for the superlattices wittn=3-6 has weaker field depen-
U(t)=U . (1)  dence than that of the Pb-3212 single-phase film. This re-
0(1+t?)q972 flects the small thickness of superconducting layer in the

wheret=T/T.. We employed one as the value @f® The

activation energy af=0 in an applied field parallel and
perpendicular to the Culplane is shown in Figs. 10 and 11,

respectively.

20

Activation Energy U, (K)

T T T T T T T

H//CuO, plane

FIG. 10. Activation energy at =0 under an applied field par-

4 5 6780910
poH (T)

allel to the CuQ plane for[ (Pb-3212),(Pb-3212}]y with n=1, 3,

4, 6 superlattices.

superlattice$,in which the lower critical fieldH,, is very
large and the energy dissipation due to the flux motion hardly
exists.H, is expressed as

_27\ab¢o|( ds ), (2)

o W)\Cdg \/gabfc

whereh,p, \¢, &ap, @and & are penetration depth and co-
herence length within thab plane and for the axis of the
thin superconducting lay&iWe used the reported values for
the Pb-3212 single crystak,,=257.5 nm,\.=642.5 nm,
£.,=1.85nm, andé,=0.3 nm3! If we assume that all the
portions except the fluorite block layers in the superlattices
are superconductingls is 5.98 nm(case A in Table I and
H. becomes 31 T. If we assumiz=4.72 nm, which is a
thickness of the three-unit-cell Pb-3212 phdsase B in
Table Il), H., becomes 44 T. Il is smaller than 4.72 nm,
H is larger than 44 T. Thull is larger than the maximum
applied field (10 T). It should be noted for the case of
HIICuG, plane that the field-induced broadening of transition
(Fig. 6 and hence a weak but finite field dependencd) gf
(Fig. 10 were observed at the field belddy, . These results
indicate the existence of interlayer Josephson coupling be-
tween the thin superconducting layers.

Here, we should pay attention to alignment of the mag-
netic field. Before the measurements for thgCuO, plane,
we measured the dependence of resistivity on the angle be-
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tween the sample surface and applied fielgh,, and the D. Interlayer coupling mechanism

angle was set to minimize resistivity. Possible misalignment The experimental results show that the interlayer coupling
was 0.1°. Then, we estimated the effect of thexis compo-  of superconductivity is weakened asncreases. So, the kind
nent of magnetic fieldH, =H,,ysin(0.1°). The effect of of interlayer coupling that occurs has to be elucidated. It is
H, on the resistivity was estimated to be smaller by morehelpful to compare the present system with the YBCO{)F;E3CO
than one order of magnitude than that off,  Superlattices, which have been thoroughly studieef”

~Hyy,c05(0.1°). Therefore th feld-ncuced boadering of, =% e ciscuss the existence o the magnetc terayer
transition(Fig. 6 and the field dependence b, (Fig. 10 as the origin of the dc transformer during the last quarter of

were not attributed to the-axis component of magnetic y,q >qth century? In the case of YBCO/PBCO, the magnetic
field. ) coupling was not observed since the energy of magnetic cou-
In the case of thed L CuG, plane(Fig. 11), U, for the  pjing is the order ofT. and much lower than the observed
Pb-3212 single-phase filnE 1) showsUg~ —InH, which  activation energ§.In the present casel, is the order ofT,
is usually reported for YBCO films and YBCO/PBCO and we can expect to observe the magnetic coupling. The
superlattice§:* For the superlattices with=3 and 4, simi- smallerU, may be caused by the stronger anisotropy in the
lar field dependence was observed although the field rang@b-3212 superconductor with rather lower doping than that
was limited. of YBCO. In more detail, we have to consider the field de-
The values ol for both the paralle(Fig. 10 and per- Pendence for the energy of magnetic coupling. Following
pendicular(Fig. 1)) fields decrease with increasimg This ~ EKin and Clent? the maximum coupling force can be writ-
suggests that the interlayer coupling in the superconductinff" as
superla;tices, w_hich _consists of the _Jo;ephsoq coupling and 3¢3 [1-exp — gids) 12 expl — god;)
magnetic coupling, is weakened with increasimgas ex- Fmn= 397308 5 ,
plained in the following. It should be noted that the differ- 910
ences inU, between the case of=3 and 4 shown in Figs. _ 2 12
10 and 11 are meaningful, judging from the resistivity data. G10= (87 B/\/§¢O) ’ @
In the TAFF model, each individual flux line is pinned in WhereX, ds, andd; are the penetration depth and the thick-
a potential well and is depinned by thermal activation. TheNesses of the superconducting and insulation layers, respec-
latter process corresponds to the jump of a segment of lengfiely- The maximum coupling force occurs when the dis-
L. of a flux line. The activation energy,, is proportional to _Placement of vortex line is equal to one-fourth of the
the correlation lengtlh.., which is determined by a minimi- mfcervortex spacingl, . So, we cpnsnder the maximum cou-
zation of the cost in energy for a vortex segment to jihip. pllnaeger?yEnF]to beFd,/4, er"ch decrease; W|thd|n0feas;1
the case oH1 CuG, plane, the pancake vortices move alongmgI ')\ m_C)ZrS'[7%pre§lent sfwﬁer atuﬁces 'S estlrtr;]ate lusmg ; €
the CuQ plane. Asd; increases, interaction between the pan'\égsueeA?g_Table' ”n][(r;} ﬂ?es VZISZVSSG ;\fd lése E ei;/azul%s_o
cake vortices on the adjacent superconducting layers b ' Shem '

K lting i d Lofand U~ In th .09 K under the field of 0.1 T fon=3-6. If we use the
comes weak, resuiting in a decreaseletando. In € = /505 of case B in Table Il for the valuesafanddg, E,,

case ofHICuG, plane, magnetic fluxes enter the insulating ;s 5> 57_2.03 K under the field of 0.05 T far=3—6. Thus in
layers. The activation process corresponds to the flux jump,q perpendicular field of less than 0.1H, is the order of
across the Cu@plane, which is dominated by the creation of i, observedJ, for n=6 and there is a possibility of ob-
a pancake vortex-antivortex pair at the Guplane. The  serving the magnetic coupling in the present systsee Fig.
smaller the distancd; , the stronger the interlayer coupling 11). However, in the perpendicular field larger than 2EF,
is, resulting in raising of the energy barrier for the creation ofis smaller than 0.2 K. Therefore the observedependence

©)

the vortex-antivortex pair. of U, for the perpendicular field larger than 2 T is not due to
There is another possible explanation for the decrease a@he magnetic coupling.
U, with increasingn, that is the decrease df with increas- Second, we discuss whether the Josephson-like coupling

ing n. It causes the decrease in the correlation lerigth exists or not. In the case of YBCO/PBCO, the activation
along thec axis, and hence the decreaseUp under a per- energy for flux motion decreased with increasing PBCO
pendicular field. In the case of thellCuO, plane, the de- thickness from 2.4 to 4.8 nm and the Josephson coupling is
crease ofdg causes lowering of the energy barrier for the considered to exist across the 2.4-nm-thick PBE&.From
creation of the vortex-antivortex pair and, consequently, low-+his, it is suspected that the Josephson coupling exists across
ering of Uy. The superconducting fluctuations described inthe one-unit-cell thickness of Pb-82: n=3-6, which is
Sec. IVB may be enhanced with decreasthg Then the 2.13-2.96 nm, and is weakened with increasin@he weak
experimentally obtained changes in the resistive transitiomut finite field dependence &f, under the parallel fiel@Fig.
depending om can be explained by the changesiin How-  10) and the increase of the temperature width betwBgg,
ever, the design of the superlattices was intended to presenamd T, with increasingn (Fig. 8) support the existence of
ds for differentn values. The strength of localization in the Josephson coupling.

CuG, plane did not increase with increasingas mentioned If the proximity effect(PE) acts on the Cu@planes in the
in Sec. Il. Thus there is no evidence of decreasdimvith Pb-3212 phase withn=3-6, d; becomes 0.86-1.67 nm
increasingn. (case A in Table Il and the Josephson coupling probably
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exists between the Cuy(planes judging from the distance. tices. For this purpose, we have used the Pb23family, for
Previously, we investigated the possibility of the PE by com-which ab initio electronic structure calculations suggest that
paring the transport properties of Pbr@2single phase with the anisotropy of conduction increases withJudging from

the theory for a two-dimensional dirty mef4land we could  the XRD, RHEED, and TEM studies, we have successfully
not rule out the occurrence of PEON the other hand, the grown the superconducting superlattices in which the dis-
SQ(5) theory of high-temperature superconductivity suggestgances between the superconducting layers are controlled at
that the range of PE in an underdoped nonsuperconductinge shortest intervals so far achieved. The experimental re-
layered cuprate is wider than the expected value from theyts concerning the shape of resistive transition and the ac-
conventional theory” The Pb-322 phase witn=3-6 i  yaion energy of flux motion indicate that the interlayer
the underdoped nonsuperconducting layered cuprate. SO, W pling across the fluorite block layer is controlled by
can expect the occurrence of the PE on the Cpi@ne in the changing the number of atomic layer Thus the Pb-322

Pb-3212 phase. and consequently the Josephson COUp“n[ghase withn>2 and Pb-3212 superconductor is a suitable
across the fluorite block. In order to know the range of su-

perconducting order along the stacking direction, furthercombmatmn for the highF, multilayer structures.
studies are needed: for example, the transport entropy per
unit of vortex length can be obtained by measuring the

Nernst effect® and itsn dependence will provide us with ACKNOWLEDGMENTS
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