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A number of fundamental physical phenomena unfold in the mixed state of su- 
perconductors, when subjected to enormous current and power-dissipation levels. 
A sufficiently large current can destroy the superconducting state itself-the so- 
called pair-breaking effect. At intermediate current densities, below the onset 
of pair-breaking, one expects to see the free viscous flow of flux vortices. In 
the present work a pulsed-current technique was used to explore this dissipative 
regime of high-T, superconductors, verifying both free flux flow and the pair- 
breaking effect, as predicted by traditional theories. This paper concentrates on 
the dissipation and Hall behavior in the free flux flow state. 

In this work, we have employed short-duration (- lp)  current pulses to explore superconducting 
transport behavior at current levels above the onset of dissipation J, and beyond the depairing 
limit Jd[l]. It was shown[2] that by applying a sufficiently large Eorentz driving force on flux 
vortices, and driving their motion into the state of free flux flow, simple Bardeen-Stephen(31 
behavior could be verified for the first time in any superconductor: the transport characteristic 
becomes Ohmic (total resistivity p = E / J  is current independent) and the dissipation obeys: 

PFFF /pn B/HcZ, (1) 

where pn and Hc2 are the normal-state resistivity and the upper-critical field respectively for 
that temperature. Fig. 1 shows longitudinal resisitivity in free flux flow for two YBCO samples. 
Recently, similar saturation of p(J) Ieading to an Ohmic plateau was also observed in the low-T, 
low-pinning materials 2H-NbSe2 by Higgins et a1.[4] and in MonGe23 by Hellerqvist et a1.[5]. 
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Figure 1: Normalized free-flux-flow resistivity versus H for two YBCO specimens. 

At even higher current densities we were able to observe current-induced pir-breaking[6lf where 
T, was found to shift as: 

AT,(H, J)/T,(H, 0) = fJ/Jo14. (2) 

1 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



. 
0 "  

+ o  (a) 
8 9 -  + 

Q 
3 X 

x- 
- 8 8 -  

' 

L 
87 - 

86 r 

0 

+ 

X 

0 
+ 0 + 
X 

X 

x 
T 

0.0 0.2 0.4 - 0.6 0.8 1.0 1.2 

J (MA/cm*) 

0.015 - 

0.010 - 
0 H E 0  tesla 

( J/J0)2'3 

Figure 2: (a) Mid-transition Tc's at different H and J values for a YBCO film. (b) Normalized 
shifts in T, as a function of (J/Jo)'I3. JO e 4 x 10' A/cm2 is a fieId-independent constant. 

This is shown in Fig. 2. 

The mixed-state Hall effect has been a topic of great current interest and one surrounded by 
controversy. Central to the controversy is the observed sign reversal of the tangent of the Hall 
angle tana = pIY/pcr, where pzt and pzy are the longitudinal and transverse (Hall) resistivities 
respectively'. One of the main questions that has plagued the interpretation of the Hall effect is 
whether the sign reversal is caused by pinning[I. Our previous work on dissipation and free flux 
flow had shown the effectiveness of high currents in suppressing the effect of pinning. We were 
able to apply this same principle to investigate the role of pinning in the Hall effect. Fig. 3 shows 
the Hall angle versus temperature at different fixed magnetic field@]. The upper panel (a) was 
measured at low continuous currents (5  kA/cm2), the lower panel at much higher pulsed currents 
(- 1 MA/cm2). As is evident, there is a dramatic enhancement of the sign reversal showing that 
pinning hinders the sign reversal rather than causes it. The data in Fig. 3 was one of the earliest 
and most decisive proofs that the sign reversal is not caused by pinning. Recently, Kang et al.[9] 
were able to show qualitatively similar behavior by varying the pinning by introducing artificial 
defects into their samples. An advantage of overcoming pinning using a high current as opposed to 
varying the defect concentration is that the process is reversible and continuously variable. Also 
there is little change in other parameters, such as the carrier concentration, which can however 
be dependent on defect concentration. 

In addition to the sign reversal, there is another feature that has been observed by us and other 
groups(l0, 11, 12, 81. This is the decomposition of the Hall angle, a, into a field-proportional 
component a,, , and a field-independent component QM. The field-proportional component arises 
from the Hall effect of the normal core of vortices, whereas the field-independent component a ~ ,  
can arise from the hydrodynamic (Magnus) force on the "body"of the vortex. The latter can 
be treated through the time-dependent-Ginzburg-Landau (TDGL) theory of the dynamics of the 
superconducting order parameter (as shown in more detail below). CYM can be estimated by 
subtracting from the total Hall angle, the normal-core component a,,(T) found by fitting to its - HIT2 behavior above T, and extrapolating this to temperatures below T,. Fig. 4 shows OM 

for our data measured on a YBCO film for 3 different fields(81. Notice that as the temperature is 
lowered below T,, as long as pinning is not influential, a~ seems to saturate to a value that does 
not depend on the field or current (As long as these are large enough to ensure free flux flow.) 

'Since the Hall angle is typically smaU, we will not always distinguish between the angle and its tangent in the 
remainder of this discussion. 
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Figure 3: (a) Temperature dependence of a / H  for indicated fixed fields measured at a continuous 
current of J=5 kA/cm2 in a YBCO film. (b) Similar data measured with pulsed current at 
J = 0.7MA/cm2 ( H  = 0.5, 1, 2,  and 4 T) ,  J = 1.1MA/cm2 ( H  = 6T) and J = l .5MA/cm2 
( H  = 87’). 

Moreover the saturation or maximumnegative value (about 0.017 in our Fig. 4) is about the same 
order as that reported by other groups in various materials: 0.005-0.007 for TlzBazCaCuzOs 
(references [lo] and [ll]) and 0.009-0.017 for YBCO (references [12] and [8]). 
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Figure 4: Magnus-force component of the high-field Hall angle  cy^ = a - a,, for the data of Fig. 
3. Here, an = 21.9 x H I T 2  is the observed T- and H-dependent normal-state contribution. 

We now show that the decomposition tan a w tan a n  + tan aM follows from the dynamics of the 
superconducting order parameter as calculated in the framework of time-dependent-Ginzburg- 
Landau (TDGL) theory[l3]. Moreover the magnitude of tanaM obtained in this way (0.014) is 
in rough accord with the experimental observations (- 0.005-0.02). 

The vortex viscosity q ,  that governs the longitudinal conductivity consists of two parts: the 
Bardeen-Stephen component, which arises from dissipation of normal carriers inside the vortex 
core, and the Tinkham component, which arises from the dynamics of the order parameter. The 
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net longitudinal conductivity in free flux flow is El31 

where un is the normal-state conductivity. Similarly, the transverse conductivity can be written 
as 

where C is a constant of order unity. The first term arises from the Hall effect of normal carriers 
in the core, and the second term is the contribution from order-parameter dynamics. There is no 
contribution from quasiparticles embedded in the superfluid outside the core at zero frequency. 
a - 0.0.5, p m-8.27, and C x Z-EF - 90/4000 are constants of the TDGL theory[l3] (EF was 
taken from Wolf and Kresin 1141.) The constant Q should be distinguished from the Hall angle a. 

From Eqs. 3 and 4 one then gets 

UH u: CP tana = - = C- + sign(e)- - a n  + 0.014. 
U un a (5) 

This expression shows a Hall angle that decomposes into a field-proportional “normal-core” com- 
ponent a,, and a field-independent term a~ - 0.014, which is comparable to the experimental 
observations (- 0.005-0.02). 

We’d like to point out that in a recent Letter[l5] Khomskii and Freimuth present an interesting 
mechanism based on charging of the vortex core that explains the sign-reversing component of the 
mixed-state Hall effect and also predicts the qualitative decomposition tan a - tan + tan CXM.  

Their predicted estimate of CYM (which they call ap), about lo-*, is however lower than the 
experimental results by about a factor of 100. . 

To summarize, we have reviewed our past work that explored the transport behavior of supercon- 
ductors at current densities well above the critical value, where flux motion converts to free flow 
and eventually leads into the current-induced pair-breaking regime. In addition we present results 
on the mixed-state Hall effect, where high J was once again used to decisively rule out pinning as 
the cause of the sign reversal. In the free-flux-flow limit, we find that the Hall angle shows a de- 
composition t ana  .., tana, + tan a ~ ,  also seen in other superconductors. An explanation, based 
on TDGL theory, describes the qualitative features of the data and also shows rough quantitative 
agreement. 
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