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Introduction 

Most of the high-temperature superconductors (HTS) are highly 
anisotropic, with reasonably metallic conduction in the Cu-0 layers (i.e, in 
the ab planes) and poorer conduction normal to  these planes, i.e., along the 
c-axis. A number of measurements, including the resistance anisotropy 
(which can approach 105) support the possibility of a different conduction 
mechanism along the c-axis. One notable exception is fully oxygenated 
YBa2Cu307, which is viewed as a three-dimensional (3D) metal, but with 
an ariisotropy greater than any conventional metallic superconductor. For 
the highly-anisotropic HTS, such as Bi2Sr2Ca2Cu30x, Tl&a2CaCu20y and 
oxygen-deficient YBa2Cu307-6, there is strong evidence that the c-axis 
transport results from Josephson coupling between units consisting of 
dosely-coupled Cu-0 bilayers or trilayers. 

dynamics and dissipation and the current carrying capacity of conductors, 
but also for an understanding of the pairing mechanism in HTS cuprates. A 
Josephson coupling model1 was introduced and successfully explained the 
imeversibility behavior of the highly-anisotropic HTS in a magnetic field 
and various manisfestations of Josephson coupling were dramatically 
demonstrated by Kleiner and Miiller2. Direct measurements of c-axis 
transport have also been successfully expIained3 by the Josephson coupling 
model, and the possibility of an unusual c-axis transmission rate for Cooper 
pairs has been recently noted4. These effects are reviewed in the following. 

The nature of this coupling is important for practical issues such as flux 
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Flux Dynamics and Dissipation 

Beyond the high values of Tc, one of the first obvious differences between 
HTS and conventional superconductors was the significantly broadened 
HTS resistive transitions in a magne.tic field. These are consistent with 
thermally-activated depinning of -magnetic field vortex lines, and an 
experimental study by Kim, et all also presented a model demonstrating 
that these results could be systematically understood by considering two 
energies: E,, the conventional depinning of 2D 'pancake' vortices within the 
2D Cu-0 units; and Ej, the conventional Josephson energy to  describe the C- 

axis coupling between pancakes in adjacent Cu-0 units. Examples of fits 
using the conventional temperature and field dependences of E, and. Ej .are 
shown in Fig. 1. Kim, et all also found that Ej depends exponentially on the 
insulator spacing between Cu-0 units, thus implying that the Josephson I . 
coupling is by quantum,mechanical tunneling. 
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Fig. 1. The irreversibility fields (defined by R=lO-SR,) for various highly- 
anisotropic HTS, together with fits from the model of Ref. 1. The 
magnitude of H*/(l-t) in the linear region (at high temperatures or small 
values of l-t=l-T/Tc) is proportional t o  Ej, and shows an exponential 
dependence on insulator spacing between Cu-0 units for these cuprates. 
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Kleiner and Illtiller2 have dramatically demonstrated various Josephson 
effects in single crystals of Bi2Sr2CaCu20, They see, e-g., hysteretic 
current-voltage curves, microwave emission and synchronization, etc. This 
work leaves no doubt as to the origin of c-axis transport. Directly measured 
transport in BizSr2CaCu20, single crystals5 was partially explained3 using 
the same Josephson model of Ref. 1. The observed c-axis resistance peak, 
which became larger and shifted to  lower temperatures as the magnetic 
field increased, agreed with the Josephson model with a value of Ej being 
consistent with the normal state c-axis resistance and a direct connection of 
the c-axis quasiparticle resistance with tunneling measurements6 was 
shown. However, the temperature dependence of the c-axis resistance at 
lower temperatures implied a value of Ej which was 3-5 times larger. 

The'value of Ej is of significant interest. It can be obtained from the 
Josephson critical current, IcjseEj/g, however, a direct measure of Icj is 
complicated the high currents needed can cause heating; but also the ab- 
plane crystal dimensions must be smaller than the Josephson penetration 
length. As an alternative, thermally-activated broadening of the Josephson 
junction resistance has been analyzed4 within fluctuation theory to 
determine E@gT for oxygen-deficient YBa2Cu307-6 crystals. 

.There is still a difficulty of establishing the correct junction area since 
both 1,. and Ej are extrinsic, depending on the junction resistance or area, 
and the Cu-0 bilayers may not be coherent across the entire crystal. Also, 
for the expected strength of Josephson coupling, the broadening will be very 
small in zero-field and comparable to broadening by inhomogeneities (e.g., 
oxygen content). Fortunately both problems are overcome by applying a 
magnetic field parallel to  the junction normal, which introduces a new 
length scale, d G ,  so that ej, the intrinsic Ej, per unit area, can be 
obtained from Ej=ej iP@. The validity of this length scale for Josephson 
coupling for fields parallel to the junction normal has been verified in 
experiments with discrete Nb-film junctions7 (see Fig. 3a). Similar 
Arrhenuis plots for the YBa2Cu307-6 crystal are shown in Fig. 3b, and they 
confirm the 1/B dependence of Ej. 
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Fig. 3. Arrhenius activation.plots for (a) a discrete Nb Josephson junction 
and for (b) the c-axis resistance of YBa2Cu307-6, both with fields parallel to 
the junction normal. For the Nb junctions, the junction area coming into 
the activation energy Ej was @,dB within experimental error. 

.To test that the c-axis dissipation is Josephson related, and not, e.g., due 
t o  flux flow, the measured c-axis resistance of a YBa2Cu3.074 crystal is 
shown in Fig. 2 as a function of the angle, Q, between the field direction and 
the c-axis. The maximum Rc occurs for Bllc, which corresponds to zero 
.macroscopic Lorentz force on the Abrikosov vortices and it drops over three 

n 
G' 
W 

U0 

l o - *  

1 6 '  

IO-' 

1 d6 

Fig. 2. Angular dependence of c-axis dissipation for an oxygen-deficient 
YBa2Cu307-6 crystal in a field of 1 T at 60 K (Tc-65 K). 

34 



2 
to 

lue 

,nd 

ree 

orders-of-magnitude into the noise f x  Bllzb which is the maxirnurn Lorentz 
force and minimum pinning directior for the applied flux. This rules out 
dissipation from the motion of extend-field vortices, but it is consistent 
with Josephson coupling. 

A more quantitative fit can be fomd by extending the Ambegaokar- 
Halperin model8 for Josephson dissiption b the c-axis of the cuprates: 
i'. 

where I, is the modified Bessel functicn and set Ej(T)=ej(T)@,d IBcos$1. We 
then find the solid line fit to  the data &own in Fig. 2. If a complete set of ej 
fits are compared to the conventional -Ambegaokar-Baratoff calculation9 

where A(T) is the energy gap and is the normal-state junction resistance 
for unit area, then ej is larger than qated?, when the measured normal-  
state c-axis resistance is used in a d  a reasonable A(T)-l4 meV is used. 

A possible explanation of this disrqancy is that the tunneling matrix 
elements for Cooper pairs and normal&te quasiparticles are not the same 
as assumed in Ref. 9. While such a r e d t  has not been found in any 
conventional superconductors, several relata3 theoretical ideas10 have been 
proposed for HTS. 

A similar analysis of published c - e =  resistance datal1 on LaSrCuO 
single crystals leads to  the same conclzsion: at lower temperatures ej is 
larger than expected from the n o d - s a t e  c-axis resistance. This result is 
also seems to be the same effect that is &und in the low-temperature c-axis 
resistance in Bi2Sr2CaCu20z single c-ss described above. Thus the 
behavior seems to be universal in the ITS cuprates. 
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In summary, measurements of the c-axis transport in highly-anisotropic 
HTS materials strongly indicate that Josephson coupling is involved. In 
detail this conclusion affects various properties of the HTS cuprates, 
including the irreversibility behavior for transport in the ab planes, the 
direct c-axis transport and potentially the mechanism of Cooper pairing. 
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