Conductivity and Hall effect of pure type-Il
superconductors at low temperatures

N. B. Kopnin and V. E. Kravtsov

L. D. Landau Institute of Theoretical Physics, USSR Academy of Sciences
(Submitted April 26, 1976)
Pis’'ma Zh. Eksp. Teor. Fiz. 23, No. 11, 631-634 (5 June 1976)

The conductivity and Hall angle of pure type-II superconductors at T<A is
calculated. These quantities depend strongly on the parameter 78¢, where 8¢ is the
distance between the low-lying bound levels in the vortex core. Viscous flow of the
vortices corresponds to 78€<1, and nondissipative flow to T8e» 1.

PACS numbers: 74.40.—j

Larkin and Ovchinnikov!!! calculated the conductivity in the mixed state at
T« A, when the electron free-path time is in the range & « T« Eg/A?, namely
0;=0. 230"H02/B. There was no Hall effect under these assumptions.

In the limit as 7—«, at low temperature, the vortex flow should obviously
be nondissipative. Smce E= c!Bxu, the vortex velocity u should be parallel
to the transport current. In this paper we calculate the conductivity and the
Hall angle at T<«< A and TA>>1, The transition from the viscous flow of vortices
to nondissipative flow is defined by the parameter x ~ 7é¢, where de ~A%/E is
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the distance between the low-lying levels in the core of the vortex, 2! An at-
tempt to take this effect into account semiphenomenologically was made in!3],
We shall neglect the influence of the magnetic field, i.e., we assume H< H,
and k >1. We can subsequently lift the restriction on «.

We represent the regular Green’s functions in the form

dk
R(A y . 1 . R(A)
G(rl")'z) = f——.—zn %exp‘f (v+——2)(¢1—¢2) +zk(zl-z2) G, (Pl' Pz)

with analogous expressions for F*R4) etc, The functions G and F* are defined
by two linear inhomogeneous second-order equations. They can be expressed
in terms of linear combinations of four fundamental solutions of the corre-
sponding homogeneous equations, two of which are finite at the origin, and the
two others decrease at p>>¢ (we recall that e ~ T<«< A), At TA>1, the result
takes the form
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where G is the matrix Green’s function,
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Equation (1) contains only the pole part, corresponding to bound states. It can
be verified with the aid of (1) that the principal role in the expression for the
transport current is played only by the anomalous functions. Therefore, ac-
cording tof451,
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where n, is a unit vector along the magnetic field
4 0 - A)
H =
A* 0 g

and the anomalous function is defined by the equation

. \ ; . )
é(“)(r,r’) = fd3rl(3R(r,r1) _—ehm2 (uy)H(r,)) + —éf’“) (tl)]GA'(tl.r )- (3
2T 2T 2r

The main contribution in the summation over v in (3) is made by the residue of
the pole in (1), and the contribution of the nonpole terms left out of (1) is small.
As a result we have gf?=2{® =0, and the functions
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where C,(g) satisfy the integral equation
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Equation (4) has an exact solution at x >>1. In this case };,=Neu, i.e., the
vortex is dragged completely by the superfluid stream. At arbitrary values of
the parameter ¥, Eq. (4) can be solved by using the result oft®l, according to
which |A(p)| assumes its equilibrium value over distances on the order of &,
=¢T/A. We can then lift the restriction on k, with accuracy logarithmic in
A/T, and assume that k ~1. From (2) and (4) we obtain

. 3
3z = Nefi(x)u +

Ne
T fz(x)[nH, ul.

The conductivity is oy= (3nNec/16B)f,(x), and the Hall angle is
6y = arc tg [16f,(x)/ 3mf,(x)].

Here x=4A%In(A/T)/7Ep, 2nd f; and f, are expressed in terms of elementary
functions:

3 z 1+y
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4 (1 +y)2+4z2/1r2x2 (1+y)2+422/1r2x2
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Figure 1 shows plots of f;(x) and f,(x), while Fig. 2 shows a plot of 84(x). As
x—c, we get fy=1 and f,=2.94/x. As x— 0 we have f;=3x%/8 and f,=x. The
conductivity is then given by the expression obtained infll,

Experiments on the Hall effect in alloys (TA< 1) yield 64~ 1073, In pure Nb,
however (see, e.g.,!"l), tanf,~1 and is practically independent of the mag-
netic field, A more detailed comparison is made difficult by the fact that the
data oft "l pertain to T'=4.2—17.8°K. To our knowledge, the behavior of §(x)
at T« A has not been investigated.

The authors are grateful to L. P. Gor’kov and Yu.N. Ovchinnikov for useful
discussions.
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