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The eA'ect of coupling between layers of the high-T, superconductors was studied by varying both the
YBa2Cu307-, and PrBa&Cu307-, layer thicknesses in YBa2Cu307-„/PrBa&Cu307-„superlattices. Su-
perconductivity was found even when the YBa2Cu307-, layers had nominal thicknesses as small as 12 A

(one unit-cell thickness) but coupling between unit-cell layers is needed to achieve a T, of 90 K. The de-

crease of T, in isolated YBa2Cu307-, layers with increasing sheet resistance is on the same scale of
about h/e ' as observed for ordinary superconductors.

PACS numbers: 74.70.Jm, 74.40.+k, 74.70.Vy, 74.75.+t

Superconductivity in the high-T, superconductors
(HTSC) has been identified with carriers in the copper-
oxide planes of these compounds. The coherence length
in the c direction is shorter than the distance between
Cu-0 planes in the adjacent unit cells. ' The questions of
whether an isolated single unit-cell layer could exhibit
high-T, superconductivity and what role the interlayer
coupling plays in determining T, have been considered
theoretically but remain controversial. Recent experi-
ments on ultrathin YBa2Cu307-„(YBCO) films showed
that there was a pronounced decrease of T, when the
film thickness was reduced below about 100 k3 These
results indicate the possibility of obtaining superconduc-
tivity in very thin YBCO films, but leave open the ques-
tion of whether the observed T, reduction with film

thickness is intrinsic or due to materials problems, such
as structural defects caused by the lattice mismatch be-
tween the film and the substrate and surface oxygen de-
pletion.

In this Letter we present the results of a study of the
superconductivity in YBa2Cu307 „/PrBa2Cu307 — su-

perlattices in which we have found that a YBCO layer of
nominal thickness of only 12 A is superconducting but
that the coupling between layers is also important for
achieving a high T„. There are two advantages of using
these artificial structures to address the coupling problem
in HTSC. First, PrBa2Cu307-„(PrBCO) has an ortho-
rhombic structure with lattice parameters very close to
YBCO (with a maximum mismatch of 1.5%) thus pro-
viding a much better lattice match than most substrates
to YBCO. Secondly, PrBCO is a nonsuperconductor
with a very high resistivity at low temperatures. If there
is any coupling eA'ect between YBCO layers it is likely
that we can tailor this coupling by varying the PrBCO
layer thickness without changing the properties of the
YBCO layers.

Superlattices consisting of high-T, superconductors

have been successfully made by both sputtering and laser
deposition. ' In our previous paper, the preparation
and characterization of high-quality YBa2Cu307/
Y~ ~Pr~Ba2Cu307 superlattices on (100) LaA103 sub-
strates with total thickness of 2000 A using a multitarget
pulsed-laser deposition system have been reported.
Briefly, x-ray-difraction measurements showed that the
superlattices had the c axis normal to the substrate sur-
face and satellite peaks were observed even when each
layer was as thin as 12 A, clearly indicating the existence
of superlattice modulation. A minimum yield of about
10% from 2.8-MeV He++-ion-channeling experiments
indicated good crystallinity of the superlattices. Cross-
sectional transmission electron microscopy (TEM)
showed that the layers had grown epitaxially on one
another with an abrupt interface within one unit cell be-
tween YBCO and PrBCO layers. Cross-sectional TEM
also provided a direct thickness calibration which is in

good agreement with the estimates from x-ray satellite-
peak spacing and Rutherford backscattering spectra.
Even so the layer thicknesses quoted in this paper ought
to be considered as nominal values.

The superlattice samples were patterned by pulsed-
laser etching into bridges 300 pm wide and 2.5 mm long
for four-point transport measurements. The contacts
were made at the edges of the films so that all the layers
were measured in parallel. Transition temperatures
measured using an ac inductance method gave T, values
consistent with the resistance measurement. Besides the
structural analysis mentioned above, the sheet conduc-
tance per YBCO layer as a function of PrBCO layer
thickness was investigated to study further the integrity
of the layered structure. Shown in Fig. 1 are the results
for three YBCO layer thicknesses corresponding to one,
two, and four unit cells of YBCO. At 100 K the resis-
tivity of semiconducting PrBCO is much larger than that
of YBCO and therefore the measured sheet conductance
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FIG. 1. Sheet conductance per YBCO layer of nominal
thicknesses 12, 24, and 48 A at 100 K as a function of PrBCO
layer thickness.

divided by the number of periods gives the sheet conduc-
tance of a single YBCO layer. The results show that the
sheet conductance per YBCO layer for a given thickness
is essentially independent of PrBCO layer thicknesses in

the range of 12 to over 100 A. This demonstrates again
that the layered structure was well formed and the
normal-state transport properties of each single YBCO
layer were not affected by the PrBCO layer thickness.

Superconducting transition curves for YBaqCu3-
07-,/PrBa2Cu307-„superlattices with various YBCO
layer thicknesses are plotted in Fig. 2 for a constant
PrBCO layer thickness of 100 A. [except for samples of
(6 A)/(12 A) and (12 A)/(12 A)]. It is seen that su-

perconductivity occurs in YBCO films as thin as 12 A,
i.e., one unit cell thick. When the YBCO layer thickness
decreases, the transition temperature decreases. When
the PrBCO layer is very thin, both transition onset T;"
and zero-resistance temperature T,o increase [compare
curves f, (12 A)/(12 A), and d, (12 A)/(100 A)]. The
sample of (6 A)/(I2 A) has semiconducting behavior as
expected since 6 A is shorter than the length of one unit
cell of YBCO. We anticipate that for a YBCO layer
thickness of 12 A, we cannot rule out the possibility that
the onset point is affected by microscopic variations in

the layer thicknesses, whereas the zero point is affected
by imperfections of the substrate, such as steps and
scratches, and of the film itself. The broad transition in

the (12 A)/(100 A) sample is a reflection of these
effects. We base our later discussions on general
features of the transition rather than exact values of T,'",
T,p, or the midpoint T, ' .

The transition temperatures T,'" (defined as the tem-
perature of 90% normal resistance) and T, ' for three
YBCO layer thicknesses, 12, 24, and 48 A, are shown in

Fig. 3 as a function of PrBCO layer thickness. T p

behaves in a similar way to T, ' and therefore is not
shown here. For each YBCO layer thickness, T,
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FIG. 2. Superconducting transition curves (normalized to
resistivity at 100 K) for superlattices of various periodicities:
curve a, (100 A)/(IOO A); curve b, (48 A)/(100 A); curve c,
(24 A)/(100 A); curve d, (12 A)/(100 A); curve e, (6 A)/(12
A); and curve f, (12 A)/(12 A). It shows that T, decreases
when the YBCO layer thickness decreases (from a to e). It
also shows that T, increases when the PrBCO layer becomes
very thin (compare curves d and f).

remains almost constant when the PrBCO layer thick-
ness decreases from 200 to 30 A. In this case the YBCO
layers are believed to be well isolated from each other by
intercalated PrBCO layers and the T, value can be con-
sidered as that of a single YBCO layer sandwiched be-
tween PrBCO. It can be seen that T, decreases as the
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FIG. 3. T;" and T, ' vs PrBCO layer thickness for superlat-
tices with YBCO layer thicknesses of 12, 24, and 48 A.
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YBCO layer thickness is reduced. When the PrBCO
layer thickness is less than 20-30 A, T, starts to in-
crease. The values of T,'", T, ', and T,o extrapolated to
zero PrBCO thickness are all close to 90 K.

Many factors can affect the dependence of T, on the
layer thickness. While additional microscopic defects in-
troduced by the multilayer growth were minimized, oth-
er factors, such as proximity eff'ect, interdiffusion, and
mechanical shorting between the conducting layers, are
still possible. We will argue below why none of these
eA'ects can consistently explain the data.

In superconductor/normal-metal superlat tices, the
proximity eff'ect can cause a reduction of T, when the
layer thickness of the superconductor is comparable to
its coherence length. This reduction of T, saturates
when the normal-metal layer thickness is greater than
the proximity coherence length of the normal metal and
diminishes when the normal layer is thinner than that.
However, two facts make it difficult to explain our T,
reduction with standard proximity-effect models. First,
unlike the conventional normal metals, PrBCO has a
conductivity at low temperatures orders of magnitude
smaller than that of YBCO thus making the proximity
coherence length very small and the proximity effect
negligible. Second, the coherence length of YBCO in

the e direction is only 3-5 A and the proximity eff'ect

ought not to affect T, in films much thicker than this.
Our results also cannot be explained by interdiffusion

between the YBCO and PrBCO layers. As shown for
bulk materialss and thin films, the T, of Yi-„Pr~Ba2-
Cu307 decreases as the Pr concentration increases.
When y =0.5, T,Q is about 15 K and for y ) 0.5 the sys-
tem is semiconducting. If Pr interdiff'used over a dis-
tance greater than 6 A, the YBCO layers in (12 A)/(100
A) superlattices would be doped with a high concentra-
tion of Pr and we would not be able to observe supercon-
ductivity. In (12 A)/(12 A) superlattices we obtained
T,Q 44 K which is much higher than the value of 15 K
for y =0.5. These results suggest that the interdiA'usion

length of Pr and Y in our superlattices is less than half a
unit cell. A similar argument applies to the reduction of
T, caused by hole absorption associated with the in-
creased valence of Pr. ' It also seems impossible that
the pair-breaking mechanism discussed in Ref. 10 could
be relevant since the Pr atoms of the PrBCO layers are
too far from the Cu-0 planes in the YBCO layers. Tak-
ing into account that PrBCO has similar thermodynamic
properties and the same oxygen concentration as YBCO,
oxygen depletion from the YBCO layers by PrBCO is
also not likely.

Interconnection of layers by structural imperfections
introduced during fabrication, particularly particles asso-
ciated with pulsed-laser deposition, " is an important
possibility which must be considered. However, from
Fig. 1 we can see that the sheet conductance per layer
for a given YBCO layer thickness is about the same re-
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FIG. 4. T,"" (squares) and T,o (circles) as a function of the
YBCO layer thickness (solid symbols). The PrBCO layer
thickness is 100 A which is sufficient to isolate adjacent YBCO
layers. The results for ultrathin films sputtered on SrTi03 are
also included (open symbols) for comparison. Inset: T;" and

T,0 of isolated YBCO layer as a function of sheet resistance
per YBCO layer.

gardless of the PrBCO layer thickness, showing negligi-
ble eAects of possible shortings between layers on the
transport properties. Furthermore, the sample of (12
A)/(12 A) has a lower T, than that of (24 A)/(24 A),
though they have the same average composition. Like-
wise the semiconducting behavior of the (6 A)/(12 A)
superlattice contrasts strongly with the relatively high T,
in the (12 A)/(12 A) sample which has the identical iso-

lating layer between the superconducting layers. These
distinct transport results suggest that the eA'ect of short-

ing by particles and its inffuence on the behavior of T, is

only secondary. This is further supported in Fig. 4 by
comparing the superlattice data with those of single-

layer ultrathin films.
Instead of any of the possibilities discussed above, we

propose that the behavior of T, in the superlattices indi-

cates the importance of coupling effects in the c direction
between the unit-cell layers of YBCO. Although a su-

perconducting transition can be obtained in a YBCO
layer with only one unit-cell thickness, several unit cells
need to be coupled together to produce a high T„. When
the number of coupled unit-cell layers of YBCO is in-

creased, the value of T, increases until it saturates at 90
K. Similarly, when the PrBCO layer thickness is re-

duced to less than 20-30 A, the neighboring YBCO lay-
ers are able to couple with each other and T„ increases.
A similar enhancement of T, with increasing coupling
between superconducting layers has been observed in

Nb/Ge multilayers, where the system changed from two-

to three-dimensional because of tunneling-induced cou-

pling. '

In Fig. 4, the onset and zero point of the supercon-
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ducting transition for multilayers with a PrBCO layer
thickness of 100 A are plotted as a function of YBCO
layer thickness. For this PrBCO layer thickness, the su-

perconducting layers have been decoupled from one
another. The data from single ultrathin YBCO films

sputtered on (100) SrTi03 are also shown for compar-
ison. As can be seen, by improving the lattice match and

hence reducing the structural defects, we can get full su-

perconductivity in a thinner layer of YBCO in the super-
lattices than in the ultrathin single films. However, it
should be noted that the onset of the transitions obtained
from the two different experiments coincide with each
other showing that even T;" decreases abruptly when the
YBCO layer thickness is less than about 50 A. Consid-
ering the differences between the two systems and the
techniques used to produce them, this agreement sug-
gests that the decrease of T, with film thickness is indeed
intrinsic to YBCO and can be understood by the cou-

pling effect discussed above.
To further explore the nature of the T, decrease with

film thickness, the superconducting-transition onset and
zero point of the decoupled YBCO layers are plotted as a
function of sheet resistance per YBCO layer as shown in

the inset of Fig. 4. The behavior is similar to that of
two-dimensional films of the ordinary superconductors
like Bi, Pb, ' and amorphous Mo-Ge. ' As can be seen
from Fig. 4 the sheet resistance at which T, is substan-
tially reduced is about 5000 AP. This is of the same or-
der as the characteristic value lt/e of the sheet resis-
tance for which a similar reduction observed in conven-
tional superconductors has been attributed to localiza-
tion effects in two-dimensional systems. It suggests
that the reduction of T, in HTSC might have the same
origin as in the ordinary superconductors. However, it
should be noted that there are substantial differences be-
tween the two cases. First, there is crystalline order in

the YBCO films whereas the other systems are amor-
phous. The normal-state conduction mechanisms are
very different. The YBCO films show a decrease of
resistivity with decreasing temperature implying a domi-
nance by inelastic scattering whereas in the conventional
superconductors the resistivity is nearly temperature in-

dependent. The ordinary superconducting films are all in

the "dirty limit, " i.e., the electron mean free path is

much less than the intrinsic coherence length, and the
film thicknesses are smaller than the Ginzburg-Landau
coherence lengths. In the YBCO, the mean free path
and coherence length are comparable and the film thick-
ness is greater than the intrinsic coherence length. Nev-
ertheless, the similarity of the dependence of T, on sheet
resistance in the two types of systems gives another illus-
tration of the universal nature of the relation between
these two quantities in two-dimensional systems.

In summary, we have presented results which strongly

suggest that superconductivity can occur in a layer of
YBCO of thickness as small as one unit cell (12 A in the
c direction) but that coupling between the unit-cell lay-
ers is needed to achieve a T, of 90 K. The dependence of
transition temperature on sheet resistance as the layer
thickness is changed suggests that T, is depressed by
mechanisms similar to those of ordinary superconductors
in spite of differences in the electronic properties of the
two systems.
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Note added. —Since this manuscript was first submit-
ted, a related study of YBCO/PrBCO superlattices has
been published by Triscone et al. '
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