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We describe measurements on trilayers and multilayers of YBa&CusO& s (YBCO) with intervening
layers of Yz Pr Ba&Cu307 p, with thicknesses d of YBCO down to that of a single unit cell. The
zero-resistance transition temperature, T, , decreases as d decreases, and increases as x decreases,
and we show that a single unit-cell layer is still superconducting. We describe a transition from a
"bulk regime" in the interior of the YBCO to a "surface regime" near the interfaces, and show that
the T, depression is correlated with a depressed conductance in the region adjacent to the interfaces.
The results indicate that the changes are related to the presence of the interfaces, primarily to charge
transfer between the layers, with only minor indications of a change in the intrinsic properties of the
YBCO from the bulk down to the thickness of a single unit cell. The values of T, in multilayers are
consistent with those on trilayers, and so rule out any contributions from very long-range interactions,
but they indicate the presence of interactions with length scales of several hundred angstroms across
the barrier layers.

I. INTRODUCTION

Prom the earliest days after the discovery of cuprate
superconductivity it has been apparent that the dimen-
sionality of the conducting paths plays a central role in
the realization of the superconducting properties. One
of the most direct ways to investigate this question is to
make ultrathin films, and the first descriptions of exper-
iments on films down to thicknesses of one or two unit
cells were reported in 1990. 3 It is typical of the dif-
ficulty of making well-characterized specimens and reli-
able measurements that the experiments disagreed on the
question whether films of YBa2CusOr 5 (YBCO) with a
thickness equal to that of a single unit cell were super-
conducting. In spite of mounting evidence this question
is still somewhat controversial. In this paper we not
only present evidence that such 6lms are indeed super-
conducting, but also that the observed reduction in their
transition temperature, measured when they form part
of artificial multilayer structures, is predominantly of ex-
trinsic origin, i.e., that it is not primarily a property of
the ultrathin films themselves.

This conclusion is in contrast to the widespread as-
sumption that the reduction of the transition tempera-
ture indicates the necessity of transverse coupling, i.e.,
of some amount of three-dimensionality for the full de-

velopment of the superconducting properties in YBCO.
The conclusion also removes the apparent discrepancy
with the results on ultrathin films of Bi2Sr2CaCu208
which do not exhibit a corresponding decrease in transi-
tion temperature.

The results on multilayers could conceivably be influ-
enced by long-range magnetic interactions between the
superconducting layers. In order to avoid this compli-
cation a large part of our work has been on trilayers
containing only a single superconducting layer. By mak-
ing measurements on structures in which the thickness
of the superconducting layer is varied in steps of a few
angstroms we are able to follow the evolution of the su-
perconducting properties and to demonstrate the super-
conductivity of single-unit-cell layers.

A principal result is that the variation in transi-
tion temperature with thickness is correlated with cor-
responding changes in the normal-state conductance per
square. It is this feature that shows that the interfaces
to the adjacent material play the predominant role in
changing the transition temperature. The results indi-
cate a distinction between a "surface regime" strongly in-

Auenced by the different neighboring layers, and a "bulk
regime" in thicker films in which the interfaces play only
a minor role.

In Refs. 1—3 the superconducting layers vrere sep-
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arated by "barrier layers" of nonsuperconducting
PrBa2CusOr s (PrBCO). We have also made mea-
surements with barrier layers of Yi Pr Ba2CusOr s
([Y-Pr]BCO) that demonstrate that the properties of the
YBCO layer are strongly in8uenced by the nature of the
adjacent material.

The outline of the paper is as follows. In Sec. II we
describe the specimen preparation. In Sec. III we discuss
the characterization, structural analysis, and the growth
mechanism. In Sec. IV we present the data on trilay-
ers and in Sec. V those on multilayers. e Finally Sec. VI
contains some further discussion, including comments on
remaining open questions.

II. SPECIMEN PREPARATION
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Rutherford backscattering spectrum for a (Y
Pr)BCO film with z = 0.50. The upper curve is the random
yield, and the lower curve is the channeling yield.

The specimens were prepared by pulsed laser deposi-
tion &om ceramic targets, using a 248-nm pulsed excimer
laser with an energy of about 0.2 3 per pulse, and a rep-
etition rate of 2.5 pulses per sec. The targets were made
from the powdered oxide constituents by the standard
solid state reaction method, at 940'C in flowing oxygen
for 60 h.

The films were deposited on (100) SrTiOs substrates
held at 760'C in an atmosphere of 10Q-mTorr oxygen.
The deposition rate was about 0.4 A. per pulse. The
specimens were annealed in situ at 400'C and 600 mTorr
oxygen for 30 min.

To calibrate the film thickness deposited per pulse sev-
eral films with diferent thicknessess were measured with
a profilometer. The uncertainty of this measurement is
about 10%. Several films were also measured by Ruther-
ford backscattering (RBS).

The laser power was monitored during deposition and
manually controlled. Unavoidable Quctuations in the
laser power give rise to some additional uncertainty in the
thickness measurement, and contribute to the observed
scatter of the measured points.

III. SPECIMEN CHARACTERIZATION
AND STRUCTURAL ANALYSIS

A. Single films

As a first step we prepared films of
Yq Pr Ba2Cu307 g, with values of x from zero to
one, with thicknesses between 400 A. and 60QQ A.. The
specimens were characterized by x-ray diHraction, ac-
susceptibility, and resistivity measurements. Particular
attention was paid to compositions in the vicinity of the
metal-insulator (MI) transition, i.e., near x = 0.55.

X-ray di6raction showed the samples to be c-axis ori-
ented. No peaks other than (001) are observed, indicat-
ing the absence of misaligned grains.

Rutherford backscattering and channeling were mea-
sured with a 1.7-MeV Tandetron. Figure 1 shows the
results for a sample with x = 0.50. The continuous line
is a simulation that is seen to fit the experimental results
very well. The channelling yield is about 3%, similar to
that observed for c-axis aligned YBCO films in previous
determinations.
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FIG. 2. The resistivity parallel to the substrate for a series
of films with various values of x.

Figure 2 shows the temperature dependence of the ab-
plane resistivity for films with various values of x. For
pure YBCO (x = 0) the resistivities at 300 K and 100
K are 270 p,Ocm and 80 pO cm, respectively, with an
extrapolated zero-resistivity intercept close to T = 0 and
a transition width of about 0.5 K. The MI transition is
close to x = 0.55, as previously observed. ' The vari-
ation of T, with z is shown in Fig. 3, where the vertical
lines indicate the 10 —90% widths. The ac-susceptibility
measurements show that the Bux is expelled primarily at
the temperature where the resistance goes to zero, even
though the resistance begins to decrease at the onset tem-

perature T, ",which can be considerably higher.
For films close to the MI transition there is a sub-

stantial dependence of the transition temperature on film
thickness. With 2: = 0.50, for a 2000-A.-thick specimen,
T, = 25 K, while for a 600 A film of the same com-
position no sign of superconductivity is observed down
to 4.2 K. As the thickness decreases, the temperature
dependence also develops the upturn at low T that is
characteristic of increased carrier localization.

An even stronger thickness dependence, persisting to
several thousand A has previously been observed in
La1 85Srp15Cu04 films and ascribed to strain resulting
&om lattice mismatch to the substrate. In view of the
much smaller mismatch for (Y-Pr)BCO we regard this
explanation as unlikely to explain our results, and we are
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FIG. 3. The transition temperature of a series of films as
a function of x.

therefore continuing experiments to gain a better under-
standing of the thickness dependence.

B. Structural disorder in ultrathin
Slms and multilayers

In contrast to thick 61ms, superconductivity in ultra-
thin films and multilayers is strongly dependent on the
type and amount of structural disorder at the interface
between. the superconducting layers and the intervening
"barrier layers. " InterdifFusion of the rare-earth elements
and atomic-scale steps at the boundary contribute to the
growth of a mixed layer of (Y-Pr) BCO that afFects super-
conductivity adversely, particularly in films whose thick-
ness is close to that of a single unit cell. Estimates of this
type of discrete disorder vary between difFerent laborato-
ries, &om "negligible" to about 30%%uo of rare-earth mixing
in the layer adjacent to the interface. ~'i4 i" The large
variation indicates that the degree of disorder depends
on the particular growth method. Electron microscopy
studies show that there are also large-scale lateral steps
that occur as a result of growth nucleation in the form
of islands in the O,b plane. The islands subsequently ex-
pand in the lateral direction to create growth terraces
that eventually coalesce. Various lattice defects, such
as dislocations and stacking faults, may occur and con-
tribute to the large-scale lattice disorder and to thickness
fluctuations in the multilayer structures.

To assess the various types of disorder in our ul-
trathin films, measurements were made of low-angle
x-ray re6ectivity and high-angle x-ray difFraction on
the YBCO/PrBCO superlattices. Low-angle re8ectivity
is particularly sensitive to the interface morphology.
Atomic-scale disorder, as well as steps at the boundary
of growth terraces, modify the x-ray scattering density
profile throughout the interface. In addition any Huctu-
ation in the layer thickness will broaden the superlattice
peaks. By fitting the reHection spectrum with a simu-
lation based on a structural model of the multilayer one
can estimate the roughness layer" resulting &om inter-
diffusion and steps, and evaluate the magnitude of the
layer-thickness fluctuation. A complementary picture of
the structural disorder may be obtained &om the xnodel-
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FIG. 4. Love-angle x-ray di8'raction spectrum for a multi-

layer specimen of YBCO/PrBCO, with 36 4 of YBCO, 117
A. of PrBCO, repeated 20 times. The dotted line is a fit to
the numerical model.

ing of the high-angle difFraction spectrum which provides,
in addition, information about the lattice parameters and
the strain in the multilayer.

Low-angle x-ray reBectivity measurements were made
at the National Institute for Science and Technology. Fig-
ure 4 shows the results for a superlattice of alternating
layers of 3 unit cells of YBCO and 10 unit cells of PrBCO,
together with a line resulting from a fit to a numerical

The model includes an "interface roughness" param-
eter which describes interdiffusion and relatively small
terraces or islands. Such defects lead to a weakening of
the intensity of the superlattice peaks. The results indi-
cate a roughness layer up to +10 A, i.e., a little less than
a single-cell thickness. There is also some line broaden-
ing, corresponding to thickness Huctuations of about k2
A, resulting from a lack of uniformity of the thickness of
the Y-Pr bilayers.

The high-angle diffraction spectra were measured at
the University of California in San Diego by Hasen and
Schuller. They are preliminary results of a comprehensive
study that we expect to provide further detailed struc-
tural information. The results shown in Fig. 5 are for a
multilayer with seven unit-cell layers of PrBCO separat-
ing the YBCO layers whose thickness is 16 A. (specimen
B). A similar study was also made for a second specimen
(specimen A) with a YBCO thickness of 12 A.

The structural model that was used to provide a fit
to the data was described in Refs. 19 and 17. The in-

terdiffusion into the first adjacent unit cell is about ll%%uo

for both specimens, but a large difFerence between the
two samples is found in the thickness fluctuation. For
sample A it is 8 A and for sample 8 it is 4 A. For sam-

ple A the indicated filling of the area by a single-unit-cell
thick layer is 55'%%uo, with the remaining area divided about
equally between zero coverage and a two-unit-cel1 layer.
For sample B the covered area is about 95'%%uo, with a little
more than a third of it covered by a two-unit-cell layer.

Clearly the coverage for the 12 A specimen (A) is far
&om uniform, with islands connected by paths barely
past the percolation threshold. A considerable increase in
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FIG. 5. The upper curve is the x-ray spectrum of a multi-

layer specimen of 16 A YBCO and 82 A PrBCO, repeated 19
times. . The lower curve shows the corresponding simulation.

uniformity, with almost complete coverage, is, however,
achieved with the deposition of four additional A in the
YBCO layer.

Even though the results of the structural studies are
quite preliminary, they tend to indicate that our multi-
layer specimens are similar to the best that have been
described previously, with disorder and a small amount
of interdiffusion confined to the unit-cell layer adjacent
to the interface. With a nominal thickness just equal to
one unit-cell layer, the coverage is quite incomplete, but
becomes almost complete and considerably more uniform
with an increase in thickness of just a few more ji,

some of the trilayer specimens as a function of tempera-
ture. The specimen with d = 11 A. exhibits the quasireen-
trant form typical for island formation below the perco-
lation threshold and was therefore not further analyzed.
In the specimen with d = 9 A. the conduction path seems
to be somewhat better connected. This is not unreason-
able since close to the percolation threshold the nature of
the conduction path is subject to considerable random-
ness. As the YBCO thickness increases, superconducting
transitions are observed with increasing transition tem-
peratures. Also shown on the figure is a curve with only
the 600 A of PrBCO, deposited and patterned as for the
trilayers.

For the curves of Fig. 6(b) the conductance of the
PrBCO was subtracted, assuming it to be the same as
that measured separately and shown in Fig. 6(a). This
may not be quite correct, since the layer of PrBCO close
to the interface is likely to be affected by the vicinity of
the YBCO, as discussed in Sec. IVE. As d increases,
the curves are seen to be linear in the normal state, with
gradually decreasing intercept.

IV. TRILAVERS

A. YBCO/PrBCO
0

0 100 200 300

The trilayers were deposited on (100) SrTiOs, with a
400 A. bottom layer of PrBCO, followed by a thickness d
of YBCO, and capped by 200 A. of PrBGO. For some of
the specimens the transition temperature was first deter-
mined by a contactless ac-susceptibility measurement. A
four-terminal pattern was then scribed on the specimen
with a diamond scribe. Initially photolithography was
used, but later abandoned because it seemed desirable to
avoid processing as much as possible. Four indium pads
were cold pressed on the sample.

The resistivity was measured with the help of a
computer-controlled data acquisition system. The spec-
imen was in a sample holder that was manually lowered
in the vapor of a liquid-helium storage vessel while R(T)
was measured from room temperature to 4.2 K. The
current density was of the order of 1—10 A/cm2, with
a linear response in this region. Some specimens had
curves of R(T) with discontinuities, possibly because of
cracks or other damage, and were not used. A few had
long tails which we interpret as resulting from inhomo-
geneities, and were also rejected.

Figure 6(a) shows the total resistance per square of
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FIG. 6. (a) Resistivity per square as a function of temper-
ature for a series of YBCO/PrBCO trilayer specimens with
varying values of the YBCO thickness d. The dashed line is
for pure PrBCO. (b) Resistivity per square as a function of
temperature for a series of YBCO/PrBCO trilayer specimens
after subtracting the contribution of the PrBCO layers to the
conductance.
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The temperature T, was determined &om semilog
plots of R as a function of T, as the temperature where
R has fallen to about 0.1 0, which is in all cases less than
1/10% of the extrapolated normal-state value, R~.

Figure 7 shows T as a function of d. The dashed line
is a guide to the eye, drawn to emphasize the evolution
of the YBCO, one unit-cell thickness at a time. In order
to test the existence and validity of the steps we have
calculated the rms deviation both &om a step curve and
a least-squares fitted smooth curve, &om d = 11 A. to d =
48 A. The step curve has horizontal plateaus at 19.8, 38.8,
and 67.8 K, joined by straight lines. The rms deviation
of the measured points &om this curve is 2.4 K. Their
rms deviation &om the smooth curve is 5.7 K. Somewhat
similar steps have been noted by Triscone et al.

The good fit to the line with the steps does not nec-
essarily imply that the YBCO is deposited one unit-cell
layer at a time, one after the other. It is, rather, consis-
tent with the following sequence. At first the YBCO is
deposited as unconnected islands, while the conductance
remains zero. The conductance becomes Enite when the
percolation threshold is reached, i.e., when the Erst con-
tinuous conduction path is established, presumably when
the coverage rises beyond about 50%%up. As more YBCO is
deposited some of it may begin to form a second layer be-
fore the first layer is complete. The second layer will not,
however, contribute significantly to the conductance and
hence to the observed transition temperature until the
percolation threshold is surpassed there also. Separate
islands in the second layer will have little effect because
of the large anisotropy, i.e., because of the high resistiv-
ity in the c direction. This description is supported by
the discussions of the pattern of film growth in Refs. 14,
15, and 21.

The stepwise development is also evident on Fig. 8,
which shows the conductance per square of the YBCO
(after the subtraction of the PrBCO) as a function of
d. As on the previous figure, the steps become less dis-
tinct after the first two or three, as a regime is reached
that is characterized by a bulk resistivity o., with a linear
relationship between B~ and d.
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B. YBCO/(Y-Pr)BCO

We have measured two further series of specimens,
with barrier layers of Yq Pr Ba2Cu307 g with values
of x of 0.50 and 0.55. For x=0.50 the barrier layer is
metallic. The value of 0.55 was chosen because it is close
to the value at which the metal-insulator transition takes
place, but we have not made the necessary measurements
to determine on which side of the transition the barrier
layers are in our specimens.

For these two series the subtraction of the barrier-layer
conductance is subject to considerably more uncertainty
than for the series described previously (with x = 1.0),
because the barrier-layer conductance represents a much
greater &action of the total conductance of the speci-
mens. We have also measured fewer specimens. Nev-

ertheless certain trends are evident on Figs. 9 and 10,

100
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FIG. 8. The resisitivity per square, Gp, for the same series
of specimens as for Fig. 7. The right-hand portion of the
dashed line has a slope corresponding to a bulk resistivity of
60 pOcm.
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FIG. 7. T, for a series of YBCO/PrBCO trilayer spec-
imens with difFerent values of the YBCO thickness d. The
dashed line is discussed in the text.

FIG. 9. T as a function of d for the trilayer series with

(a) x = 0.50 and (b) x = 0.55.
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trilayer specimens. The open circles are for z = 1.0, the tri-
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which show T and G~ as a function of d for z = 0.50
and x = 0.55.

The steps which we have discussed for the series with
@=1.0 are absent or, at least, less clear. This may be
in part because of the smaller number of specimens, but
probably also because the interfaces with the barrier lay-
ers do not represent as sharp a discontinuity between the
two materials. The fact that in the barrier layers about
half of the praesodymium is replaced by yttrium mimics
to some extent the result that would occur in the previ-
ous series (with z = 1.0) from interdiffusion. Conversely,
the absence of distinct steps here tends to con6rm that
interdiffusion does not play a large role in the earlier se-
ries.

The figures also show that for similar values of d
the transition temperature and conductance tend to be
higher. These features will be discussed in Sec. IVE.

FIG. 10. Gp as a function of d for the trilayer series arith

(a) z = 0.50 and (b) z = 0.55. The right-hand portions of
the dashed lines begin at a point (d„R,), and have slopes
corresponding to a bulk resistivity of 60 p,Q cxn.

are closely related implies that an understanding of the
changes in the transition temperature is to be found in
the parameters that determine the normal-state conduc-
tion, i.e., in the density of charge carriers and in their
scattering processes.

To the extent that T, depends entirely on Gp it can-
not depend on any features limited to the superconduct-
ing state, such as the superconducting proximity efFect,
which has no in8uence on Gp. Of course this statement
is limited by the uncertainties of our measurement. We
do not wish to imply that there is no proximity effect,
only that our results suggest that it does not play a ma-

jor role in the decrease of the transition temperature with
thickness.

We may go one step further. The parameters that de-
termine Gp are seen to be extrinsic, i.e., they depend on
defects or on surface and interface properties characteris-
tic of a particular specimen, but not on the fundamental,
"intrinsic" nature of the YBCO itself. Again within the
limitations of the measurement, and primarily in the re-

gion of the apparently unique linear relationship between
T, and G~, it seems that the decrease of the transition
temperature with thickness is therefore not primarily an
inherent, intrinsic property of the YBCO.

D. The shape of the transition curve:
Kosterlits- Thouless transition and fluctuations

C. The relationship between the transition
temperature and the conductance

The similarity in the stepwise progression of T with d
and of G~ with d suggests a comparison of T with Gp.
Figure 11, which shows the relation between these two
quantities, reveals several striking features. The most in-
teresting is that up to a conductance per square of about
1.5 (KA) the two quantities are linearly related, within
the uncertainties of the measurement, independently of
the nature of the barrier layer. For larger values of Gz
there is a sharp bend or "knee, " beyond which the tran-
sition temperature saturates and increases slowly toward
its ultixnate limiting bulk value.

Regardless of the particular nature of the relationship
between T and G~, regardless also of further theoretical
analysis or speculation, the fact that the two quantities

In a homogeneous bulk superconductor there is a
single transition temperature and the sharpness of the
transition is limited only by thermodynamic Huctua-
tions. In a two-dixnensional specimen the resistance
does not, however, go to zero until a lower temperature
TKT, the Kosterlitz-Thouless (KT) transition temper-
ature, where the spontaneously generated current vor-
tices coalesce to form bound pairs. In contrast to the
case of isotropic three-dixnensional specimens the layered
structure of high-T materials gives rise to a KT transi-
tion also in bulk specimens or in relatively thick filxns,

typically within about 1 K of the mean-field transition
texnperature. In ultrathin films of YBCO the difference
between TKT and the mean-field transition temperature
T g can be larger by more than an order of magnitude,
as was first shown by Vadlamannati et a/. in multi-
layer structures of YBCO/PrBCO for YBCO thicknesses
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of two and four unit-cell layers, and later by Matsuda et
al. for similar specimens with the thickness of a single
unit-cell layer.

The existence of a KT transition gives rise to a varia-
tion of the resistance that follows the relation

1006

f00

1.5 11
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OP

0.5

0 20 40 60 80 &00

FIG. 12. R~(T) in the transition region for the YBCO
part of two trilayer 61m specimens. The dotted lines are the
data, and the continuous lines represent the 6t described in
the text. The inset shows a fit to Eq. (1).

B 6~g= Aexp —2
N

where ~ = (T —TK&)/TKz, rmz = (Tmr —TKz)/TKz, and
b is a constant. The most specific signature is, however,
the nature of the I-V curves, which follow the exponen-
tial form V = cI, where c is a constant, with a char-
acteristic discontinuity in the exponent m &om 3 to 1 at
TKT. Although the discontinuity is typically quite broad
in the actual observations, the experiments described in
Refs. 5 and 23 leave little doubt about the existence of a
KT transition and the essential correctness of the theo-
retical description.

In the present experiments we have therefore not felt
it necessary to prove the existence of a KT transition by
making the necessary careful study of I-V curves, but
have been content to show that the resistance follows the
form of Eq. (1), as shown for a specimen with d = 12 A
in the inset to Fig. 12.

Surprisingly, it was much more diKcult to fit the up-
per portion of the resistance transition, which is rounded
by the effect of superconducting fluctuations, and for
which a theoretical description has long been known and
accepted.

Our attempts to fit the upper part of the transition
curve to the fluctuation expression with a single value of
T g were not very successful. Much better results were
achieved with a model in which the sample is assumed
to consist of a chain of regions, each with its own mean-
field transition temperature, with a Gaussian distribution
(with standard deviation a) about an average mean-field
transition temperature T r The sprea. d 0/T r is quite
large for N = 1 (25fp) but reduces to less than I'%%up for
X ) 3. This variation is consistent with our realiza-

tion that a single-unit-cell layer is quite disordered, as
discussed in Sec. IIID.

The mean-field transition temperature T g appears as
a parameter both in the KT part of the curve just above

TKT, and in the Huctuation-dominated upper part. The
fact that we obtained good fits for the whole transition
curve with a single value of T g, as shown for two repre-
sentative specimens on Fig. 12, indicates that even our
very simple model seems to contain the essential features
that describe our films.

E. Origin of the T, depression in ultrathin YBCO

In this section we will discuss the various mechanisms
that may have an influence on the observed variation of
the transition temperature. We have already considered
the superconducting proximity efFect and concluded that
it does not seem to play a major role, since it afFects
only the superconducting state and not the normal-state
conductance. We have also referred to interdifFusion be-
tween adjacent layers of difFerent material and suggested
that the stepwise increase of T, and G~ seen in Figs. 7
and 8 shows that this process also does not have a major
efFect. In addition the quantitative structural analysis
described in Sec. III shows that interdiffusion is small in
our specimens. Two remaining mechanisms that we will
discuss in detail are the decrease of the electronic mean
free path by defects and by the reduction in thickness,
and the transfer of charge carriers across the interfaces.

The effect of a decreasing electronic mean free path on
the Kosterlitz-Thouless transition has been discussed by
Beasley, Mooij, and Orlando. They considered only the
"dirty limit, " i.e. , the case where the mean &ee path is
short compared to the superconducting coherence length.
They derived the relation

TKT

Tmf
(2)

initially without the "vortex dielectric constant" e, which
was later introduced to improve the agreement with ex-
perimental results. Since Tmp varies quite slowly com-
pared to TKT this relation is in qualitative agreement
with the linear portion of the graph shown on Fig. 11. A
quantitative comparison, however, requires a value for e

of about 14, a value that seems physically to be quite im-
probable. It follows that while we cannot rule out some
contribution &om this mechanism, it does not seem to be
the major source of the lowering of T, .

We now turn to the remaining mechanism, the transfer
of charge between adjacent layers, which would change
the density of mobile charge carriers in the YBCO and
hence also the conductivity. One of the most direct
ways to measure the charge density is through the Hall
effect, but for the materials that are being considered
here the analysis of Hall-effect data is not straightfor-
ward. This is primarily because of the strong tempera-
ture dependence, which in the absence of a detailed the-
ory makes it unclear how the charge density is to be eval-
uated. It is plausible, however, that in a given material,
and without any other known influences, changes in the
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Hall coefficient refiect changes in the density of mobile
charge carriers.

Recent measurements on PrBCO/YBCO/PrBCO tri-
layers indeed show a strong decrease with decreasing
YBCO thickness of the "Hall number" n = 1/R~e, the
quantity that for free electrons would be equal to their
density. Even though the relation between n and the ac-
tual carrier density is unknown, the data seem to us to be
very persuasive in suggesting that the decrease in thick-
ness is accompanied by a decrease in charge density. At
100 K the value of n for a single-unit-cell layer of YBCO
in the trilayer structure is about one third as large as for
a thickness of 100 unit-cell layers.

Interestingly, the analysis used in Ref. 5 is based on
theoretical considerations that lead the authors to the
conclusion that there is almost no change in the actual
charge density. They ascribe the change in n to a change
in "skew scattering, " a mechanism that produces asym-
metric scattering of conduction electrons &om local mo-
ments as a result of spin-orbit coupling. This interpre-
tation eliminates all but a minor indication of a change
in charge density. The presence of skew scattering has,
however, been discussed in detail by Ong, 2 who shows
convincingly that it does not make any important contri-
bution in the materials under consideration. It is difficult
to escape the conclusion that the change in n indicated
by the Hall-eH'ect data in Ref. 5 indeed reflects a corre-
sponding change in the density of mobile charge carriers.

The link with the change in the transition tempera-
ture was demonstrated directly by Xi et. al.~ In the
experiment described in this reference the charge den-
sity in a trilayer structure of SrTiOs/YBCO/SrTiOs was
changed by the application of an electric field. The fac-
tional change in T, was shown to be equal to the frac-
tional change of the charge density. It seems reasonable
that this relation continues to hold beyond the maximum
change of about 25% achieved in Ref. 29. We see that
if this is the mechanism that accounts for the change in
T, with thickness observed in our measurements, it im-
plies a change in charge density that is quite consistent
with the change of n in the Hall-effect measurements.
Support for this view is apparent in the results for the
trilayers with the different barrier layers characterized by
x = 0.50 and 0.55. These measurements show that the
transition temperature increases as x decreases, in other
words, as the barrier layers become less insulating and
eventually metallic. Charge transfer to adjacent metallic
layers from the YBCO is indeed expected to be less than
to the insulating layers of PrBCO.

This effect has also been observed by Norton et al.
for insulating barrier layers with x = 0.7, and for metal-
lic barrier layers of Pro 5Cao 5Ba2Cu30~ g. These au-
thors, however, rejected an explanation based on charge
transfer because the onset temperature seemed not to be
affected by the nature of the barrier layers. The onset
temperature depends both on the mean-6eld transition
temperature and on the Quctuations. As the supercon-
ducting layers become more isolated, T~ decreases but
,the fluctuation broadening increases. Since T g is, in
any case, much less sensitive than T to changes in the
barrier layers, the experimental results of Norton et aL

seem to be entirely in consonance with the results of the
present paper.

F. Surface and bulk conduction
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FIG. 13. T as a function of G~. The symbols are the
same as for Fig. 11.

Although Fig. 11 shows a "»n~versal" relationship be-
tween T and G~ near the origin, a particular point on
the straight line segment corresponds to different thick-
nesses for the three different barrier-layer materials. In
this section we analyze the results further, and introduce
a model that casts light on the transition from behav-
ior dominated by the special environment that primarily
affects the surface layers to the behavior of the bulk ma-
terial.

For our point of departure we return to Figs. 8 and
10, which show G~ as a function of d for the three series
of measurements with difFerent barrier layers. We have
already remarked on the striking fact that bulk conduc-
tion, characterized on these graphs by a straight line with
a slope equal to the bulk conductivity o', is reached at
different values of d for the different values of x. The in-
vestigation of bulk conduction was not a particular focus
of our experiments, and we do not claim that the three
straight lines in this region represent the bulk proper-
ties with great precision. We have drawn them so as to
be consistent with the data, and so as to have the same
slope for each of the three series. This slope corresponds
to a resistivity of 60 pO cm, a value somewhat smaller
than that observed for our single thick films. It is quite
possible that the much thinner 6lms in the trilayers are
indeed rn.ore ordered and so lead to lower values of the
resistivity.

On the graphs of Figs. 8 and 10 the three straight lines
with the slope o begin at three points (G„d,), and can
then be described by the equation Gz —G, = o (d —d, ).
We may now define the quantity G~ = od, as the bulk
conductance per square, represented by a straight line
through the origin with slope d, that would be appro-
priate if bulk conductance started at the origin rather
than at (G„d,). The actual conductance per square for
thicknesses smaller than d, is, of course, smaller than the
corresponding value of G~.

We rn, ay now write G~ ——Gz —G, + od„and use this
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expression to construct the graphs of T, vs G~ shown in
Fig. 13. Because bulk conductance is reached at differ-
ent thicknesses for the difFerent series of specimens, this
graph separates the three series so as to allow us to fol-
low the change from the "surface regime" below the bend
or knee, to the "bulk regime" above. The graph shows
strikingly that, as must of course be expected, the bulk
regime is independent of the nature of the barrier layer.

Since G~ = o.d, we also show the thickness as mea-
sured by the number of unit-cell layers N = d/11. 8 A

along the horizontal axis. We must stress, however, that
G~ is only equal to ud in the bulk regime, so that the
values of N only have meaning there. The values of N at
the knees determine where the bulk regime is reached for
the diKerent barrier layers, but the scale has no meaning
in the surface regime.

It may be seen that while the bulk regime is reached
at about N = 4.5 for z = 1.0, it is reached near N = 3
for z = 0.55, and at about N = 2 for z = 0.50.

It is also evident that T, has not reached its bulk
value when the bulk regime is first attained. The con-
tinued change of the transition temperature may reQect
a dependence of the Kosterlitz-Thouless transition on d
in this "clean" regime, but there seems to be no detailed
theory that allows us to examine this possibility in detail.
It is, of course, also possible that the remaining slow as-
cent to the bulk value of the transition temperature rep-
resents an intrinsic property of the YBCO, i.e. a change
that reBects increased coupling between the copper-oxide
planes as the specimens progress toward their ultimate
three-dimensional properties.

V. MULTILAYERS

The first measurements on ultrathin films of high-T,
superconductors were done on multilayers because they
offer some advantages. The amount of material on which
the measurements are performed is larger, the repetitive
nature of the specimen gives rise to some inherent av-

eraging, and the superlattice peaks in the x-ray diffrac-
tion spectrum can be used to assess and characterize the
structure.

Although we have emphasized trilayers because of their
greater simplicity we have also measured several series
of multilayers, in order to provide a bridge between the
two kinds of specimens and to attempt to remove any
discrepancies between them.

Figure 14 shows the transition temperatures of
YBCO/(Y-Pr)BCO multilayers in which the thickness of
the (Y-Pr)BCO barrier layers was kept constant at 400
A. while the YBCO thickness, d, was varied. The upper
curves are the onset temperatures, the lower ones are the
zero-resistance temperatures, T, .

The curves show the relatively small but nevertheless
significant variation of the onset temperature. The vari-
ation of T, on the other hand, reflects the differences
in the approach to saturation that we have already dis-
cussed in connection with the trilayer experiments. The
sharp upturn in T, for x = 0.50, for example, is in keep-
ing with the observations described earlier and shown on
Fig. 13 that for d = 24 A. this series is already in the bulk
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FIG. 14. Transition temperatures for multilayer speci-
mens with 400 A barrier layers and diferent values of z. The
upper curves are the onset temperatures and the lower curves
show T, .
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FIG. 15. T, as a function of the barrier-layer thickness t
for multilayer specimens, all with the same value of d of 24
A. The points for infinite t are the trilayer points.

regime, while for larger x the surface regime persists to
greater thicknesses.

The figure also shows some significant differences from
the results for trilayers. In the trilayers the values for T,
for d = 24 A with z = 1.0 and z = 0.55 are quite close,
at about 39 K. This is not the case for the multilayers
of Fig. 14, where T, for x = 1.0 is close to that in the
the trilayer, but T, for x = 0.55 is considerably larger,
at about 58 K.

This diKerence is shown more directly on Fig. 15, which
shows T as a function of the barrier thickness t, while

the YBCO thickness d is kept constant at 24 A. Here
the trilayer results represent the limiting situation with
no coupling between the YBCO regions, corresponding
to an infinite barrier thickness. We see, first of all, that
the trilayer data fit smoothly on the curves for chang-

ing t, showing that there is no evidence for coupling at
length scales larger than a few hundred A. . As t is re-

duced, the coupling between YBCO regions increases,
consistent with an eventual limit at the bulk value of T
as t approaches zero.

It may be seen that for x = 0.50 the variation in T, is
relatively minor, consistent with our previous result that
for X= 2 the system is already in the bulk regime for the
trilayer. For the insulating barrier, with x = 1.0, there
is a substantial variation in T, &om about 40 K to its
bulk value as t is decreased below about 400 A, where

the coupling apparently begins to play a role.
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The case of x = 0.55 is particularly interesting, since it
shows a change in T, beginning at even greater values of
t, so that, as mentioned in connection with Fig. 14, T, is
already substantially enhanced when t is reduced to 400
A. For this case Fig. 13 shows that the trilayer with N=
2 is still in the surface regime, but just barely so. The
results shown in Fig. 15 suggest that the decrease in t
in this case not only causes increased coupling, but also
brings the YBCO further toward the bulk regime.

The fact that T continues to change for values of t
up to at least 400 A. indicates a surprisingly large length
scale for this effect. It follows that mechanisms con-
fined to the interface region, such as defects at the in-
terface, cannot explain the changes in transition temper-
ature. Charge transfer can persist over larger distances,
although changes up to 400 L, especially for insulating
barriers, are not expected.

If the charge density really changes over such large dis-
tances it is possible that for the almost or barely metallic
case of z = 0.55 the decrease in t inhibits charge trans-
fer to some extent and so helps to bring the YBCO into
the bulk regime. At the same time the results lead to
the strong inference that some other long-range interac-
tion may play an additional role in the coupling between
superconducting regions.

VI. CONCLUSIONS AND REMAINING
OPEN QUESTIONS

The results that we describe in this paper lead to the
strong implication that transfer of mobile charge carri-
ers across the interfaces is the predominant mechanism
responsible for the observed depression of the transition
temperature in ultrathin YBCO in multilayer structures.
An additional but apparently minor contribution may be
expected from the presence of crystalline defects at the
interfaces.

Detailed structural investigations have shown that in-
terdiffusion is small at YBCO/PrBCO interfaces and al-
though perhaps not negligible, is unlikely to account for
a significant change in the transition temperature. A ma-
jor contribution from the proximity efFect appears also to
be ruled out by the strong correlation of the T, depres-
sion with a corresponding change in the conductance per
square, which would presumably not be affected by the
proximity efFect.

The most important remaining possibility is that there
is also an intrinsic size effect, i.e., that coupling along the
c axis from one unit cell to a neighboring unit cell is nec-
essary for the full superconducting properties, including
the transition temperature, to be realized. Such an effect
may be responsible for the observed change in T, in the

bulk regime, as seen on Fig. 13.
The change in T may also be the result of a shift in

the Kosterlitz- Thouless transition in this regime, but the
lack of a quantitative theory for this efFect in the clean
regime prevents a detailed discussion.

We have assumed that the temperature where the re-
sistance goes to zero is deterxnined by the Kosterlitz-
Thouless transition. The recent transport measurements
on high-T suoerconductors ' strongly support this as-
sumption. We note, however, that early attexnpts to ob-
serve direct evidence for vortex unbinding at TK~ in gran-
ular materials were not successful. si We are not aware of
similar experiments on high-T, superconductors.

Additional information on the charge transfer process
could be obtained by more extensive and specific deter-
minations of the Hall effect. A further direct experiment
would be the observation of a change in the carrier den-

sity in the barrier layers. For example, a suitably chosen
material (with a value of z just beyond that of the bulk
metal-insulator transition) might be shown to become
metallic as a result.

Our measurements on multilayer specimens are consis-
tent with those on trilayers, and show a gradual enhance-
ment of the transition texnperature as the thickness of
the barrier layers is decreased. The length scale of the
coupling between superconducting layers is, however, un-

expectedly large, so that questions about the mechanism
of this coupling remain.

While the results suggest that we now have substantial
understanding of the process that leads to the depression
of the transition temperature in ultrathin YBCO in tri-
layers and multilayers with (Y-Pr)BCO, it would clearly
be highly desirable to test and extend the conclusions
that we have presented here by work on other multilayer
systems.
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