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The dissipative part of the conductivity tensor in extremely pure superconductors
at low temperatures has a peak at a frequency w~ A%/ Ep, due to the presence of
bound states in the vortex cores.

PACS numbers: 74.60.Ec

Pure type-1I superconductors in the mixed state have a number of interesting
features. Thus, the conductivity and the Hall angle in a constant electric field, at low
temperatures 7<€4, depend significantly on the electron free path time relative to
collisions with impurities in the region 74> E/T?2, i.e., in the region where the super-
conductor should be regarded as pure according to Anderson’s criterion: 7A»1. As
shown in', in magnetic fields H<H_ a transition to a nondissipative motion of the
vortices (dragging of the vortices by the incoming superfluid stream) takes place at
TA*/Eg> 1, whereas at 74%/E <1 the motion of the vortices retains its dissipative
character. These properties of pure superconductors are due to the presence of bound
states in the vortex cores.? The low-lying bound states ¢,(k ) are characterized by an
azimuthal quantum number v and by a momentum k along the vortex axis. With
respect to the azimuthal number, these levels form an equidistant discrete spectrum
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with distance between levels de, (k )/dv~A4%/E It is the ratio between the path time 7
and the distance between the levels which determines the indicated signularities of the
vortex motion.

It is quite obvious that the presence of bound states should also influence strongly
the absorption of a high-frequency electromagnetic field in the frequency region
w~AYE ~10°*—10° sec’. These effects should manifest themselves most clearly in
the extremely pure case 74%/E:» 1. The present paper is devoted to a study of these
singularities.

We consider below the case of low temperatures 7€4, and assume for simplicity
that the Ginzburg-Landau parameter is > 1, and that the magnetic field satisfies the
condition H,, <H <H ,.

The presence of an electric field in the bulk of the superconductor is due to
electromagnetic induction produced by the motion of the vortex filaments:

E = —iwc"lB[nHqu], (1)

where B is the magnetic induction, ny, is a unit vector in the direction of B and u is the
displacement of the vortex filaments. The connection between the current and the
displacement of the vortices is obtained in accordance with' from the relation

J A
Ll xny 1= v(0) [ —d?r Spt&(S/ VA |, @
e 4
where

A 0 ~A >
H = :
A* 0 />
and the matrix Green's function §© at 74%/Ep» 1 is determined by the equation

1 A wu A € A
2o)(r)m e [0, G (0,0)) 0 YHR2A—=) 6L (v, 1), (3)
7iv(0) 27 2T

The expressions for the functions G R(1) were obtained in'. The pole part of the func-
tions G X constitute an expansion in the eigenfunctions of the bound states. In the
summation over v, the main contribution to (2) is made by the circuiting around the
poles corresponding to the bound states. As a result we get

j“-i = 0, (m)Ek, (4)

where the conductivity tensor

0 (@)= d(o)(w) 5ik‘+ 8(H)(w)cikl (

i iyl
takes the form
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Here €,(k) is the energy of the bound states”:
wv|Al e _
k)= [ ——e"Hip s [ yp
] qp o
1 L e
it TR - ge K /femap
o [+]
Pom Al
K=f2dp, g =(p} - KH)V2
o q

Expressions (5) and (6) are valid in the limit 74*/E > 1, but describe qualitatively
the situation also in the case 74*/Ep~1. It is seen from (5) that the real part
Reo(w), which determines the dissipation, has at 74%/E .~ 1, generally speaking, a
peak at the frequency w ~A?/E,. The exact expression for o, (w) at 7A?/E.~1 can be
obtained, by determining £’ from the total kinetic equation. An analytic solution of
the kinetic equation is possible, however, under certain simplifying assumptions with
respect to the form of the potential | A(p)| (see, e.g.,").

For extremely pure superconductors 74%/E > 1 the conductivity depends strong-
ly on the relation between w and de, (k )/dv. At w<de, (k)/dv, Eq. (4), with (1) taken -
into account, becomes

m du 0%
—[ (i = Ne e = M m——
c e = N by 1=l =

where the left-hand side contains the Magnus force, and the "mass” of the vortex (per
unit length) is

PF i de (k) 71!
—_ 2 .._V_....) Nm &2
M‘f4nq< Y ~ Nmég .
.—pF
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This connection between the current and the displacement u leads to the existence
of natural oscillations of the vortex-filament lattice with a quadratic dispersion law.

At|w|<min(Jde,/dv) the real part is Reo'®’(w) =0 and there is no dissipation.
On the other hand, if | @ | > min(Je,/dv), a pole singularity appears in the integrand of
(5), and its contribution yields a finite real part Rec'®(w):

2 de, (k) %, (k, )
Beg(o)(m) = -;—ezqﬂL —g—v—-——/ _.—-v——-—-

dvdk
where k, is determined from the condition w=0de¢ (k,)/dv. Near the edge of the "ab-
sorption band,” w=min(de,/dv), the second derivative &%, (k )/dvdk vanishes, and
this leads to a root singularity in the absorption. For the sake of clarity we present an
expression for Reo‘®(w) in the model of Ref. 3, according to which | 4(p) | assumes a
constant value |4 _ | at distance on the order £, =£,7/4. In this case
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RealONe) = 5 5= Za 17
where

& =w2E,/| A‘2ln(l-$-{).
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