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dependence for resistivity in the mixed state. Consider 
one coordinate frame (x,y,z) associated with the 
crystallographic axes in which the current / is along 
the j -axis . Another coordinate frame (x',y',z') is 
obtained by rotating the first one around the x-axis 
such that z' is always along the magnetic field H and 8 
is the angle between z and z\ hence, the c-axis and H 
(see Inset to Fig. 3). Based on the dissipation energy 
conservation and the continuity equation, we write: 
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respectively. The first term on the right hand side of 
Eq. (2) is the flux-flow dissipation, while the second 
term is a result of quasiparticle dissipation and thermal 
activation, which explains the non-zero resistivity at 8 
= 90°. Based on the time-dependent Ginzburg-Landau 
theory, Kopnin calculated the flux-flow conductivity 
for anisotropic superconductors [7]: o(yy) = 
uaHc2(8)an(8)/2H, with u = g 2 / /J ( I is coherence 

length and lE is characteristic length which determines 
the scale of spatial variations of the gauge-invariant 
potential O ) , a is a coefficient given by numerical 
calculations using the vortex order parameter obtained 
by solving the GL equation, and Hc2(8) = 
Hc2/(cos28+y2sin28)12. With this expression for a(yY\ 
Eq. (2) becomes: 

0(yy) = 

H ab 
ml cos 8 /3 sin2 8 

V(cos 2 8 + ^ " 2 s in 2 8)1 

where mj = 2Hpn/uaHc2 and/? are fitting parameters; fi 
represents the quasiparticle dissipation. The solid lines 
in Fig. 1 are fits of the data with Eq. (3). Note that Eq. 
(3) describes the experimental data very well except in 
the vicinity of 90°. This small discrepancy could be 
the result of the lock-in transition in which the 
dissipation is greatly reduced around 90°. The field 
dependence of mj is plotted in Fig. 3. Note that mj is 
linear in H, which is consistent with its definition. 

Equation (3) is also consistent with the scaling 
p(Hcos8). Indeed, it gives the scaling when the second 
term is substantially smaller than the first term and 
when y2sin28 « cos28, i.e. 8 « tan'1y ~ 63° (y ~ 2). 
The first condition is satisfied since in the mixed state 
the flux-flow dissipation is much larger than the 
quasiparticle dissipation. The second condition is 
experimentally satisfied, i.e., p(Hcos8) scales for 8 < 
54° (Fig. 2). This indicates the consistency between the 
the experimental data and the explicit functional 
dependence of resistivity given by Eq. (3). 

In summary, angular dependent resistivity was 
measured in the mixed state, which shows 

6 

5 

4 

3 

2 

1 

n 

1 • 1 • 1 • 1 • 1 • 

• * y /*£di^ 

? / / « ^ T = 2.3K-

- • S*^r ^so°-

Jr -#-8o° -
- • - 8 8 

0.0 0.2 0.8 1.0 0.4 0.6 
Hcose (T) 

FIGURE 2. Resistivity pab vs the perpendicular field 
component HcosO, measured at 2.3 K and fixed angles 6. 
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FIGURE 3. The field H dependence of the fitting parameter 
mj. The solid line is a guide to the eye. 

Hcos8 scaling, a result of flux-flow dissipation. The 
explicit functional dependence of pab on H and 8 
obtained is consistent with the Hcos8 scaling. 
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