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Abstract  

Recent results on the growth of a-axis-oriented YBa2Cu3OT/PrBa2Cu30~ superlattices and 
their transport properties are reported. The films have extremely smooth surfaces and 
a high crystalline quality as revealed by X-ray, transmission electron microscopy and 
Rutherford-backscattering spectroscopy analysis. When a magnetic field is applied in the 
plane of the substrate, it is found that the resistive transitions of superlattices containing 
individual YBa2Cu307 layers 24 or 48/~  thick separated by PrBa2Cu80~ layers 24 or 48 
/~ thick show a cross-over at a temperature T* which depends on the PrBa2Cus07 thickness; 
above T* the transition is insensitive to magnetic fields up to 8 T; below T* some 
broadening occurs. These results are related to an abrupt disappearance of the coupling 
between the YBa2Cu30~ channels in the structure above T*. 

1. In troduct ion  

High Tc superconductors  (HTSs) are characterized by a layered anisotropic 
structure containing CuO2 planes. This natural anisotropy reflects itself in 
many transport  propert ies  and is one of  the key features of these materials. 
The anisotropic propert ies can be observed directly by using either single 
crystals or epitaxial thin films. Recently several groups succeeded in growing 
HTS superlattices [1-8].  These structures are of great interest since they 
offer the possibility to modify in a systematic way some intrinsic material 
propert ies such as the anisotropy. These studies are motivated by the need 
for key experiments to understand the effect of the nearly two-dimensional 
nature of these materials on the high critical temperature itself as well as 
on some of the particular and complex propert ies of HTSs. In the "123"  
family the c-axis-oriented YBaeCu3OT/PrBa2Cu307 (YBCO/PBCO) multilayer 
system has been  the most  studied [2-4];  the effect of changing the distance 
between ultrathin YBCO layers by progressively inserting thicker insulating 
PBCO layers has been  specially investigated. These multilayers also proved 
themselves to be an efficient model  system to study flux motion in HTSs 
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[9, 10]. One of the findings is that very thin layers of PBCO, typically 24-48 
~,, are sufficient to suppress the Josephson coupling between the YBCO 
layers [10]. This small decoupling length is partly related to the short 
superconducting coherence length in the c direction since the coupling has 
to occur, by construction, in the c axis direction. From this point of view 
a-axis-oriented multilayers are very attractive since tunneling or proximity 
effects will make use of the longer a b  superconducting coherence length. 
This last point is a key requirement for technological applications such as 
Josephson junctions; a-axis YBCO/PBCO heterostructures are certainly very 
attractive candidates for such realizations, although PBCO is not an ideal 
insulator [ 11 ]. 

We recently reported the successful growth of a-axis-oriented YBCO/ 
PBCO superlattices with modulation wavelength A down to 24/~ [12]. Figure 
1 is a schematic diagram of an a axis 12/~/12/~ multilayer. The main thing 
to note is that unlike c axis multilayers [1-4], these structures have the 
Cu02 planes perpendicular to the substrate surface. The artificial modulation 
takes place on lattice sites in the plane between the two CuO2 planes. The 
situation is very different in c axis YBCO/PBCO multilayers where, ideally, 
each group of CuO2 planes is either superconducting or insulating depending 
on whether the inner plane is yttrium or praseodymium. In a axis multilayers 
each CuO2 plane has both types of neighbors. Apart from the above-mentioned 
technological interest in such structures, these YBCO/PBCO superlattices 
raise the following interesting question: will this structure display a kind of 
average behavior or comport  itself as anticipated in Fig. 1, i .e .  in alternating 
superconducting and insulating channels whose widths are determined by 
the rare earth modulation in the adjacent plane? In the latter case this system 
should, by changing the YBCO thickness, go from an essentially 2D coupled 
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Fig. 1. Schematic diagram of an ideal 12 ~/12 ~ a axis YBCO/PBCO superlattiee. Note that 
the CuO2 planes are vertical and that  the rare earth modulation shown by the different-sized 
ellipsoids takes place between the two CuO2 planes. 
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system for thick YBCO layers to a 1D coupled system for YBCO thicknesses 
smaller than the a b  superconduct ing coherence length. Furthermore,  for  a 
given YBCO thickness one should be able to observe a cross-over from 1D 
to 239 coupling if, as one reduces the temperature,  the superconducting 
coherence  length decreases  f rom greater  than the channel width close to Tc 
to smaller. These multilayers also give us the opportunity to study the coupling 
between YBCO layers through a axis PBCO and thus to extract  the coupling 
length, which is of great  importance for any device construction and subject 
to an existing controversy*. 

In this paper  we review our recent  findings on the growth and super- 
conducting proper t ies  of  these superlattices. We especially extend our analysis 
of the behavior of the resistive transitions in a magnetic field which demonstrate 
that  these structures behave effectively as insulat ing-superconducting chan- 
nels. The effect of  the magnetic field on the resistive transition has been 
the subject of a short  repor t  [14]. 

We are pleased with the opportuni ty  to publish this work in an issue 
dedicated to Dr. Chris Raub. One of us (T.H.G.) remembers  his generosity 
and expert ise in the laboratory and the exci tement  shared with him, Professor  
(then graduate student)  A1 Sweedler and Professor  Bernd Matthias upon the 
discovery of superconduct ivi ty  in the tungsten bronzes [15]. At that time 
we were puzzled by the fact that the superconductivity was found in the 
non-cubic perovskite,  a violation of  the empirical wisdom that cubic structures 
favored superconductivity.  Actually, anisotropy turns out to be an important 
and perhaps essential aspect  of the high T¢ cuprates which this paper  explores 
in the extreme. 

2. P r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n  

The superlatt ices were prepared  using a 90 ° off-axis single-target sput- 
tering technique which has been  introd~lced at Stanford and described in 
detail in ref. 16. A schematic diagram of the system is shown in Fig. 2. 
Figure 2(a) shows the 90 ° off-axis sputtering geometry  and Fig. 2(b) the 
configuration used for the multilayer growth where two sputter guns are 
oriented perpendicularly to  each other. The substrate block is placed on a 
rotating arm to switch between guns. A computer-controlled stepping motor  
sets the dwell t ime at each gun, the acceleration and the velocity of the 
substrate block. The substrates used for the a axis growth were (100)SrTiO3, 
(100)LaA1Oa and (100)MgO with a (100)SrTiO8 buffer layer. The sputtering 
a tmosphere  consisted of  40 reTort  02 and 60 mTorr  Ar. The r.f. power (125 
W) on the YBCO and PBCO sputter  guns generated a self-bias of - 5 0  and 
- 1 5 0  V respectively. The substrate block temperature  was held at 640 °C. 

*Large coherence lengths for PBCO as well as for other insulating perovskites have been 
reported by Banter e t  aL and Tarutani et al. [13] in contradiction to the findings of Lew e t  

aZ. [11]. 
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Fig. 2. Schematic configurations of (a) the 90 ° off-axis sputtering technique and Co) the system 
used to prepare the multilayers. 

To obtain an a axis growth, one has to reduce the surface mobility; thus 
the substrate temperature along with the 02 partial pressure are the important 
parameters to control. The deposition rates of YBCO and PBCO under these 
conditions were 0.2 and 0.6 A s -1 respectively. The system configuration 
has been designed to facilitate the formation of sharp YBCO-PBCO interfaces 
during the switching between guns. The films studied here were prepared 
on (100)LaAIOa and had total film thicknesses between 2400 and 4800/~. 
The initial reports on the successful growth and on the characterization of 
a axis single layers and of these a axis superlattices can be found in refs. 
17 and 12 respectively. 

An important feature of this 90 ° off-axis preparation technique is the 
surface smoothness, which is an essential requirement for the realization of 
heterostructures. Our films have surfaces with no detectable features in high 
resolution scanning electron microscope photographs (resolution approxi- 
mately 100 /~). Using a scanning force microscope, we measured a 40 /~ 
maximum feature height over a 16 lzm 2 area. 

In a-axis-oriented multilayers the interdiffusion between yttrium and 
praseodymium seems a p r / o r / t o  be more probable than in c axis multilayers 
since each rare earth plane contains both yttrium and praseodymium. We 
therefore carried a careful characterization of  the films using X-ray diffraction, 
transmission electron microscopy (TEM) and Rutherford-backscattering spec- 
troscopy (RBS). TEM, X-ray and ion channeling all show that  the interfaces 
in the multilayered structure introduce no degradation of the overall crystalline 
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quality [12]. The X-ray FWHM (full width at half-maximum) of the main 
peaks and satellites was 0.06 ° and the ratio of the backscattered yield along 
<100) to that  in a random direction (X "~m) is 3%, which is very close to the 
value of single crystals [18]. TEM and X-ray analysis show that we obtained 
a modulated structure down to a modulation wavelength A of 24/~, suggesting 
a weak interdiffusion also in this growth orientation. Our evidence indicates 
that the conditions under which a axis films grow (e.g. the fact that each 
plane perpendicular to the growth direction contains all three cations) lead 
to films with fewer defects, e.g. antisite disorders, than c axis films. 

Figure 3 is a cross-sectional transmission electron microscopy image of 
a YBCO/PBCO a axis superlattice. Figure 3(a) is a bright field image of the 
multilayer taken with no diffraction spots strongly excited. The principal 
contrast, corresponding to the composition modulation, is due to the difference 
in atomic number between praseodymium and yttrium. The superlattice period 
was found to be 21/~, a value confirmed by X-ray analysis. Figure 3 illustrates 
the following interesting point: since the wavelength is not a multiple of the 
a axis lattice parameter, the interface layers necessarily contain a YPr solid 
solution. This particular sample is an extreme case; in general we precisely 
monitor the rates in order to switch as closely as possible to the completion 
of an atomic layer. Our X-ray studies [12] have demonstrated that we are 
able to control the wavelength of the multilayers within the experimental 
error of its determination via X-ray satellite peak positions. Therefore the 
multilayers studied here should have a limited mixing at the interfaces. This 
interface mixing problem, which always arises since the calibrations are never 
100% perfect, generates a drift of the interface composition as a function 
of its position throughout the structure. Depending on the individual and 
total thicknesses, several layers with nearly ideal interfaces and thus optimum 
superconducting properties will be found in the multilayer. If the current 

Fig. 3. Cross-sectional TEM images of an a axis A = 2 1  /~ YBCO/PBCO superlattice prepared 
on (100)SrTiO3: (a) with the specimen tilted away from a major zone axis to get the mass  
thickness contrast; (b) a high resolution image on the [010] zone axis (after ref. 12). 
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density is not too large, one should in principle probe the superconducting 
properties of these particular layers. For short periods the interface mixing 
problem is most important because the YBCO-side interface is a substantial 
fraction of the conduction path. Additionally, for thin periods when the 
switching occurs far from the completion of an atomic plane, any ideal layer 
in the multilayer will have a neighbor YBCO layer with non-optimum interface 
and thus depleted superconducting properties, rendering the coupling between 
these layers difficult. These points illustrate why it is important to switch 
as closely as possible to the completion of an atomic plane. The fact that 
we did not observe any detectable change in our measurements when changing 
the current density leads us to believe that this problem is not relevant for 
our samples. 

In Fig. 3(a) the layers appear well separated, straight and continuous. 
Close examination of this sample, and also of a A=  70 /~ sample, shows 
that typically the modulations in adjacent grains are in phase. In both samples 
curvature of the modulation is apparent on a larger scale than that shown 
in Fig. 3(a), but this curvature does not tend to disrupt the continuity of 
the modulation across grain boundaries. Figure 3(b) is a lattice image taken 
on a zone axis. Here the composition modulation contrast is obscured but 
the lattice quality is more apparent. The lattice fringes, both perpendicular 
and parallel to the layers, are imaged and indicate a high degree of crystalline 
perfection through the multilayers. These fringes remain straight throughout 
the structure. An important point (not visible on Fig. 3) is that although 
these films are untwinned, they still contain two types of grains which result 
from the growth on a cubic substrate. These grains represent domains with 
a 90 ° rotation of the c axis which strongly affect the transport properties. 
Typically the size of these bc  and cb  grains is 100-1000/~.  The Jcs of these 
films were measured at 4.2 K from magnetization hysteresis loops using 
Bean's methodology. The magnitude of about 1 × 106 A cm -2 was only slightly 
dependent upon the applied field [17], indicating that the grains do not 
exhibit weak link Josephson behavior. Furthermore, only a weak dependence 
upon the orientation of H in the plane is found with respect to the grain 
boundaries (see discussion of Fig. 7 below). 

3. Transport properties 

Figure 4, taken from ref. 12, shows resistivity vs .  temperature curves 
for a Yo.sPro.sBCO alloy a axis thin film and for 12/12 and 24 /~/24 /~ a 
axis YBCO/PBCO superlattices. The alloy was made by a 2 .~ YBCO/2 /~ 
PBCO modulation. All the samples were photolitographically patterned (400 
/~m wide bridge) and the resistivity measurements were standard four-point 
measurements. First note that the resistivity values are much higher than 
in c axis materials, presumably owing to the numerous grain boundaries 
present in the a axis films and to the longer effective path length which the 
current must  follow in order to flow in the high conductivity a b  planes [ 12, 
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Fig. 4. Resistivity vs. temperature curves for a Yo.sPro.~BCO alloy a axis film and for 12/12 
and 24/~/24 /~ a axis YBCO/PBCO superlattices. 

17 ]. There  are  also str iking di f ferences  b e t w e e n  the  supe rconduc t i ng  p roper t i e s  
o f  a axis and  c axis superlat t ices:  the  Too of  the  2 4 / ~ / 2 4 / ~  a axis mult i layer  
is 30 K, c o m p a r e d  with 70 K for  a similar  wave leng th  c axis  mul t i layer  
g rown  at  720 °C [2 -4] ,  and  for  12 ~ / 1 2  /~ mult i layers  a c axis mul t i layer  
p r e p a r e d  on  MgO u n d e r  non-opt imal  condi t ions  for  c axis growth,  at  the  
same t ime as the  a axis mul t i layers  were  be ing  depos i ted ,  had  a Too of  abou t  
40 K, while the  a axis films are  no t  su p e rco n d u c t i n g  above  4.2 K. The 
poss ib le  explana t ions  for  these  d i f ferences  are  d i scussed  in ref. 12. We do 
no t  want  he re  to rev iew all these  possibil i t ies bu t  no te  tha t  the r ea son  for  
the  T~ dep res s ion  of  thin YBCO layers  in c axis  mult i layers  is still u n d e r  
debate .  In the a axis mul t i layers  at  leas t  two addi t ional  fac tors  can  play a 
role; first, the  shee t  res i s tance  can  be m u c h  g rea te r  than  in c axis mult i layers  
if the  s t ruc tu re  behaves  as channels ,  s ince in ter face  ref lect ions within the  
CuO2 p lanes  are  e x p e c t e d  to  lead to  a shee t  res i s tance  for  which local izat ion 
effects  m a y  have  to  be  considered;  secondly ,  w h en  the YBCO th ickness  is 
smal ler  than  the  a b  ze ro - t empera tu re  supe rco n d u c t i n g  co h e ren ce  length  (this 
is the  case  for  1 2 / ~  YBCO), one  is m pr inciple  in a near ly  1D reg ime and 
1D f luc tuat ions  m a y  p lay  a role.  Fo r  such  thin YBCO layers  the  Coope r  pair  
wavefunc t ion  would  have  to  ex t end  into the  PBCO layer,  where  the o rde r  
p a r a m e t e r  could  be  supp re s sed  by  the  p r a s e o d y m i u m  magnet ic  moment ,  if, 
as  still no t  ye t  establ ished,  the p r a s e o d y m i u m  is a pai r -breaking scat terer .  

As men t ioned  in Sect ion  1, one  o f  the  in teres t ing  fea tures  o f  these  
mul t i layers  is the  possibi l i ty tha t  t hey  behave  as  in su la t ing - supe rconduc t ing  
channe ls  whose  widths  depend  on  the  PBCO and  YBCO th icknesses  re- 
spect ively.  To tes t  these  ideas,  we m e a s u r e d  the  resist ive t rans i t ions  in a 
magne t i c  field for  a single a axis  YBCO film and for  24 /24 ,  4 8 / 2 4  and 48 
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/~/48/~ a axis YBCO/PBCO multilayers. For these experiments it is important 
to consider the current-field configuration because of the two types of grains, 
cb and bc, which can be found in the films. Figure 5 shows the different 
measurement  configurations we used. The films were patterned in 400 ~tm 
wide strips making a ± 45 ° angle with the b (or c) direction of both types 
of grains. The magnetic field was applied in the plane of the substrate either 
at a 45 ° angle to the macroscopic current, thus being parallel to half of the 
CuO2 planes and perpendicular to the other half (configuration 1), or at a 
90 ° angle to the macroscopic current, thus making a ± 45 ° angle with each 
CuO2 plane (configuration 2). It was also applied perpendicular to the substrate 
surface, i.e. parallel to the CuO2 planes (configuration 3). Configuration 2 
ensures that each CuO2 plane experiences the same perpendicular field (whose 
intensity is 1/21/2 times the intensity of the applied field). To test whether 
the structures we were measuring were consistent with Fig. 5, we first 
measured an a axis single-layer YBCO film for different magnetic fields 
between 0 and 8 T with configuration 2. The result is shown in Fig. 6. One 
sees that below 1 T the broadening is close, as expected, to what is observed 
for c axis films with the field applied parallel to the c axis (see e.g. ref. 
19). Surprisingly, above 1 T the curves are described simply by a shift of 
the transition with only a small additional broadening. If one tries to extract 
an upper critical field from these data assuming that  only the perpendicular 
field gives a significant contribution (thus we corrected the field intensity 
by 1/2lie), we find for fields above 1 T that H¢2o~I-T/Tc with dH¢2/dT 

Fig. 5. A top view of the film after patterning showing the configuration measurement  used 
for the resistive transitions in magnetic field. Because of the two types of grains, the films 
were pat terned so that the macroscopic  current makes a 45 ° angle with the CuO2 planes 
(shown as the zigzag lines). The three different field configurations are shown. For configurations 
1 and 2 the field is in the plane of the substrate. Configuration 1 has the field aligned with 
the CuO2 planes of  one type of grain, providing a parallel field for half of the Cu02 planes 
and a perpendicular  field for the other haft. Configuration 2 provides a magnetic field making 
a 45 ° angle with each CuO2 plane. For configuration 3 the field is perpendicular  to the substrate 
plane and this corresponds to a magnetic field parallel to all ab planes. 
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Fig. 6. Resistive t ransi t ions  in magnet ic  field between 0 and 8 T for a single YBCO layer for 
configurat ion 2, i .e .  each  Cu02 plane exper iences  a perpendicular  field whose  intensity is 1/  
2 ]rz t imes the  intensi ty of the applied field. 

slopes ranging from - 1 . 2  (10% criterion) to - 2 . 6  T K -1 (90% criterion). 
These values do not show the wide spread observed in c axis materials 
depending on the choice of criterion [19] and are acceptably close to the 
- 1.9 T perpendicular critical field slope obtained with magnetic measurements 
by Welp et  aI. [20]. This suggests that the finite thickness of the sample 
(2400 /~) may have reduced the flux-flow-induced broadening, perhaps in 
some way related to the deformation of the flux lattice which gives rise to 
the peak effects. 

To check any unsuspected effect due to the field orientation, we rotated 
the field 45 ° in the plane of the substrate (configuration 1). Now, for haft 
the current path the field is parallel to the CuO2 planes and for the other 
half it is perpendicular. The planes which experience the parallel field will 
have a higher transition temperature than in the configuration 2 case where 
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the  field is app l i ed  a t  a 45 ° angle  and  thus  has  a p e r p e n d i c u l a r  c o m p o n e n t ,  
while the  p l ane s  wh ich  see  the  p e r p e n d i c u l a r  field will have  a lower  t rans i t ion  
t e m p e r a t u r e  s ince  n o w  the  p e r p e n d i c u l a r  field is 21~ h igher  than  in the  o the r  
conf igura t ion .  C o m p a r i n g  the  cu rve s  for  the  two m e a s u r e m e n t  conf igura t ions  
one  e x p e c t s  t he se  cu rves  to  c ross  a t  a b o u t  50% of  the  n o r m a l  s ta te  res i s tance .  
This  is exac t ly  w h a t  we  obse rve ,  as  i l lus t ra ted in Fig. 7 fo r  a magne t i c  field 
of  3 T. 

Let  us  tu rn  n o w  to  the  mul t i layers .  F igure  8 shows  the  res is t ive  t rans i t ions  
fo r  a 2 4 / ~ / 2 4  ]k YBCO/PBCO mul t i l aye r  for  (a) conf igura t ion  2 wi th  a cur ren t  
dens i ty  of  100 A c m  -2, (b) conf igura t ion  2 bu t  with a cu r ren t  dens i ty  of  2 
A c m  -2 and  (c) conf igura t ion  1 wi th  a cu r ren t  dens i ty  of  100 A c m  -2. In 
all cases  the re  is a c ross -over .  A b o v e  a charac te r i s t i c  t e m p e r a t u r e  T* the  
s t ruc tu re  is insens i t ive  to the  m a g n e t i c  field; be low T* s o m e  b roaden ing  
occurs .  Rota t ing  the  field in the  p l ane  of  the  subs t r a t e  does  no t  change  the  
insensi t iv i ty  a b o v e  T* bu t  p r o d u c e s  for  the  b o t t o m  pa r t  o f  the  t rans i t ion  
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the same effect as discussed above, i.e. a slightly larger broadening due to 
the higher perpendicular  component  of the field, although this effect is hard 
to see on the figure. Changing the current  density by nearly two orders of 
magnitude (Fig. 8(b)) does not change the character  of  the data. T* is not  
affected by this change, which means that this cross-over temperature  is not  
Lorentz force related. T* is thus current  and field independent.  This type 
of insensitivity has already been observed in c axis multilayers [21] and in 
very thin c axis films [22] but always for fields applied perpendicular  to the 
c axis. In our case the field largely probes the wide broadening direction, 
i.e. field parallel to the c axis. We give here a simple explanation for this 
insensitivity. The very  thin individual 2 4 / ~  YBCO layers cannot screen the 
magnetic field since they are much smaller than the penetrat ion depth, so 
the magnetic field is nearly uniform in the structure. Now, if above T* each 
YBCO channel is not  coupled to the next, no screening current  is able to 
flow from one channel to the next, each YBCO layer behaves independently 
and the material spends very little energy on screening. Additionally, such 
thin YBCO layers can have a very large H¢1. If one estimates He1 in this 
field configuration for a thin superconducting film with the conditions 5 < d < A, 
with ~ being the superconduct ing coherence length, d the film thickness and 
A the penetrat ion depth, one finds (see e.g. ref. 2 3 ) H c l = ( 2 ¢ o / ~ d  2) in(d~ 
~,  where ~bo is the flux quantum and ~= 15 /~ is the ab superconducting 
coherence length. A simple calculation shows that He1 is above 105 and 65 
T respectively for YBCO films 24 and 48 /~ thick. Below these fields it is 
energetically unfavorable for the vortices to enter  the layers. Thus without 
coupling between the layers (above T*) there are no vortices in the YBCO 
layers and no dissipation associated with flux motion. If this explanation is 
correct,  it implies that the parameter  which determines T* is the PBCO 
thickness since this thickness controls the coupling between the YBCO layers. 
We checked this by making a 48 /~  YBCO/24 A PBCO multilayer. Although 
Tc is slightly higher, the result is essentially the same as that shown in Fig. 
8, i.e. the decoupling takes place at about 70% of the normal state resistivity. 
If one increases the PBCO thickness, one expects  to get more decoupled 
YBCO layers. The result for a 48 A/48 /~ multilayer is shown in Fig. 9 
(configuration 2). We find that an 8 T field does not  produce  any effect on 
most  of the resistive transition. Within our measurement  accuracy, about 
0.15 K, we do not  observe any shift or broadening for p>20% p(100 K). 

In the tail o f  the transition some broadening occurs  which is much more  
evident in Fig. 10, where the data are plotted in an Arrhenius manner, i.e. 
log p vs. 1/T. This kind of plot is used to illustrate a thermally activated 
behavior. In high T¢ crystals and for p << pn the observed activated behavior 
is understood as a result of thermally activated flux flow (TAFF) [24, 25]. 
What we observe in Fig. 10 for our samples is that  the low resistivity part  
of the transition display an approximately linear behavior corresponding to 
activation energies ranging from about  1400 K in zero field to about 300 
K at 8 T, values much smaller than for pure YBCO. These numbers  have 
to be taken with care since we do not  know the exact  temperature  dependence 
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Fig. 9. Resistive transitions in magnetic field between 0 and 8 T for a 48/~/48/~ multilayer 
with configuration 2, i.e. each Cu02 plane experiences a perpendicular field. 

o f  the  ac t iva t ion  energy .  The  fac t  t ha t  t hese  cu rves  are  ve ry  c lose  to  s t ra igh t  
l ines,  however ,  s ugges t s  tha t  the  ac t iva t ion  e n e r g y  U has  a t e m p e r a t u r e  
d e p e n d e n c e  c lose  to  U= U(T= 0)(1 - T/T~) and  in this case  the  s lope  o f  the  
Ar rhen ius  p lo t  g ives  a va lue  n e a r  the  z e r o - t e m p e r a t u r e  ac t iva t ion  energy .  I f  
w h a t  we  o b s e r v e  is effect ively  the  s igna tu re  of  TAFF, it  can  be  t a k e n  as  a n  
ev idence  tha t  b e l o w  T*,  b e c a u s e  of  the  coup l ing  ac ros s  PBCO, s o m e  vo r t i ce s  
a re  p r e s e n t  in the  s t ruc tu re  and  the  d i ss ipa t ion  is r e l a t ed  to  the i r  mot ion .  
W e  also o b s e r v e d  a b r e a k  in the  cu rves  a t  T ' = 4 4  K ( 1 / T ' - - 0 . 0 2 3 ) ,  wh ich  
is the  b o t t o m  of  the  t rans i t ion  ( see  Fig. 9). This  m a y  be  the  s igna ture  o f  
a c h a n g e  in t he  d i ss ipa t ion  p roce s s ,  poss ib ly  f r o m  the rma l ly  ac t iva ted  flux 
f low at  low t e m p e r a t u r e s  to  f lux flow b e t w e e n  T' and T*. 

By c o m p a r i n g  Figs.  8 and  9, o n e  sees  t ha t  inc reas ing  the  PBCO th i ckness  
effect ively p r o d u c e s  a s t r o n g e r  decoup l ing  of  the  YBCO channels .  The  
impl ica t ion  of  t hese  resu l t s  is tha t  in the  insensi t ive  p a r t  of  the  t rans i t ion  
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48 ),/48 /~ multilayer with configuration 2. 

the  cu r r en t  is no t  f lowing f r o m  one  YBCO channe l  to  the  next .  This  is a 
v e r y  s t r ik ing resu l t  s ince  it impl ies  t ha t  the  s t ruc tu re  b e h a v e s  a s  shown  in 
~ g .  1, i.e. as i n s u l a t i n g - s u p e r c o n d u c t i n g  channels .  The  decoup l ing  at  h igh 
t e m p e r a t u r e  m a y  be  due  to  t he rm a l  f luc tua t ions  in the  PBCO layers  s u p p r e s s i n g  
the  J o s e p h s o n  coupl ing.  These  resu l t s  have  a lso  s o m e  impl ica t ions  on the  
na tu re  o f  the  s u p p r e s s i o n  of  supe rconduc t iv i t y  in pu re  PBCO since the  Pr  4 + 
e l ec t ron -dop ing  m o d e l  should  lead  to  an  ave rag ing -ou t  in the  mul t i layers .  
In  o the r  w o r d s  it is ha rd  to  u n d e r s t a n d  the  i n s u l a t i n g - s u p e r c o n d u c t i n g  channe l s  
wi thin  th is  p i c tu re  s ince it would  imply  tha t  the  addi t ional  e l ec t rons  in jec ted  
axe " loca l i zed"  in the  PBCO channels .  Other  exp lana t ions  fo r  the  Tc reduc t ion  
s u c h  as  a d e p r e s s i o n  due  to  the  m a g n e t i c  m o m e n t  of  p r a s e o d y m i u m  are  
c o m p a t i b l e  wi th  ou r  e x p e r i m e n t a l  resul ts .  

W h a t  do w e  l ea rn  a b o u t  the  coup l ing  t h r o u g h  a axis  PBCO? Al though 
m o r e  s a m p l e s  axe n e c e s s a r y  to  find the  PBCO decoup l ing  length,  c o m p a r i s o n  
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with the c axis results shows that the decoupling produced by 12 and 24 
/~ c axis PBCO in c axis YBCO/PBCO multilayers [21] roughly resembles 
the decoupling produced respectively by 24 and 48 /~ a axis PBCO in a 
axis YBCO/PBCO multilayers. This suggests that the a axis PBCO thickness 
necessary to completely decouple YBCO layers is twice the c axis value or 
about  100 ~. 

Finally we discuss the results in fields parallel to the CuO2 planes 
(configuration 3). For  the a axis single YBCO layer the broadening is less 
than that obtained for configuration 2 (Fig. 6) as expected, because with a 
parallel field we probe  the low broadening, high critical field orientation. 
However, for all the multflayers studied here we find that the broadening is 
larger for this latter field orientation. This is illustrated in Fig. 11 for the 
48 /~ /48 /~  multilayer. As one sees, the broadening is clearly more important 
than that in Fig. 9 and this is still true for the bot tom part of the transition 
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Fig. 11. Resistive transitions in magnetic field between 0 and 8 T for a 48 ~/48  .~ multilayer 
with configuration 3, i.e. each CuO2 plane experiences only a parallel field. 
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for all the multilayers where the curves are sensitive to the magnetic field. 
This leads to a lower activation energy for this latter field orientation which 
may be related to the fact that the activated volume (and thus the activation 
energy) has been cut by the artificial layering as has been demonstrated to 
be the case in c axis superlattices*. More data are necessary to clarify this 
last point. 

4. Conc lus ions  

We have studied a-axis-oriented YBa2CuaOJPrBa2CuaO~ superlattices 
grown using a 90 ° off-axis sputtering technique. The film surfaces are extremely 
smooth and the crystalline quality of the superlattices, examined by X-ray, 
TEM and RBS, is excellent.  The X-ray FWHM of the main and satellites 
reflections is only 0.06 ° and the RBS ratio of the backscat tered yield along 
<100> to that  in a random direction ( X ~ )  is 3%. When a magnetic field is 
applied in the plane of  the substrate, we find that  the resistive transitions 
of superlattices with modulation wavelengths of 96 /~  (48 /~  YBa2Cu3OT/48 
/~ PrBa2CusOT), 72 /~ (48 ~ YBa2Cu307/24/~ PrBa2CuaOT) and 48 /~  (24 .~ 
YBa2Cu3OT/24 A PrBa2Cu3OT) show a cross-over with the upper  part of the 
transition insensitive to magnetic fields up to 8 T. The cross-over temperature 
is controlled by the PBCO thickness. These results show that in the temperature 
range where we observe this insensitivity the structure behaves as super- 
conducting-insulat ing channels whose width is determined by the YBa2Cu307 
and PrBa2CuaO7 thicknesses. By comparing these results with what is obtained 
on c axis superlattices, we estimated that  100/~ a axis PBCO should produce 
complete decoupling of  the YBCO channels. The channel dimensions and 
the perfect ion of the superlatt ices are such that the study of  quasi-1 D transport  
is feasible. 
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*The activation energy can be written [23] as UcxHc2Vc, where V¢ is the volume involved 
in a flux jump. Vc =ALe, where A is a correlation area in the plane and L¢ is a correlation 
length along the vortex line. If Lc(YBCO) is larger than the individual YBCO layer thickness 
in the multilayer, Lc will be restricted by construction, thus reducing V¢ and U [9, 10]. 
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