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The energy spectrum of the excitations and the surface of im-
pedance of a metal are investigated under conditions when surface
superconductivity is present.

We consider the energy spectrum of the excitations of a semi-infinite superconductor in an
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external magnetic field H parallel to the surface {Hepy He £ H £ Hey, where He, Hg,, and He, are
respectively the critical and second and third eritical flelds). It is known [1, 7] that under
these conditions the gap A is different from zerc enly near the surface, at a distance on the
order of § (£ is the characteristic scale of variation of A). 1If we choose the coordinate axes
as in Fig. 1, then the magnetic field and |ﬁ| depend only on the y coordinate. We choose also a
gauge in which the gap A is real, and the vector potential X = (4%, 0, 0) alse depends only aon
¥; this is possible because the phase of A is a function of x and z. The problem of determining
the energy spectrum and the eigenfunctions of the excitaticns (the eigenfunctions of the Gor'kov
equations [3]) reduces thus to a one-dimensional problem, and it can be solved by using a2 quasi-
classical approximation [4, 5].

Near He,, in the region of applicability of the GCinzburg-Landau equations, the magnetic
field car be regarded as homogensous, and we obtain for A, the expression

H,
sz_H’_-i- const = - H(y -y ], Yo:0’5g§T3_ ‘1

We note that the fector potential
vanishes at the peint y; (approxi-
maicly the midpoint of the laver);
this is natural, since the cur-
rent is determined in the chosen
gauge by the London expression

and can be of alternating sign,
since the total current is equal
to zerc. This property of the
vectar potential with our choice
of gauge remains in force in the
entire region of surface conduc-
tivity; all that changes is the
expression for y,.

The energy spectrum of the
excitation is determined in the
quasiclassical approximation from
the Bohr rules

p ¥l dy = 2ank (2)

where Py is the classical momentum
Fig, 1 of the excitation along the y axis,

and n is an integer. The cri-
terion for the applicability of {2), as usual,
is n>>1 [6], and is automatically confirmed.
To determine the py(y) dependence we can use
the Bogolyubov-deGennes equaticns [1], where
it is necessary, unlike in [4, 5], to retain
also the terms quadratic in the magnetic
field, since the magnetic field does not
attenuate in the interior of the metal. It

% 7 is easily found that

2
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Here £ is the Fermi energy, P, and F, are
Fig. 2 the conserved (by virtue of the homogeneity)
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momenta of the excitations aleng the x and z axis, and £ is the energy of the excitations. The
characteristic trajectories in the coordinate and phase spaces are shown in Figs. 1 and 2,
respectively. It is seen from {2) and (3} that there are always excitations with £ = 0, =since

p{M > A D) (P vpp )

Some of the excitations (the surface ones) cannot penetrate into the metal, since there is
a turning point y, (¥, < y,) where p(y,) = A{y,). They move with a frequency

n¢§f§>>n

(R and & are the cyclotron radius and frequency, respectively), and mainly in analogy with the
motion considered in [4, 5]. Nor can excitations moving from the interior of the metal (volume
gxcitations) reach the surface y = y, at £ = 0, in view of the existence of the turning point y;
(¥ > yg) at which |p(}'2]| = A(y,). The frequency of the corresponding motion differs slightly
fby V(E/RID << §) from the cyclotron frequency. We emphasize that the presence of the turning
points y, and y, is due to the vanishing of the vector potential at the point y,.

Let us see now what occurs when an electromagnetic wave is incident on the metal. At
T < T, the region considered from now on, the energy absorption occurs mainly in the regions
where there are excitations with ¢ = 0, i.e., in the surface layer (y < y,)} and in the volume
{¥ > y,). The dependence of the impedance on the external magnetic field and on the frequency
is determined essentially by the relation betwzen the other parameters of the prablem and the
depth of penetration of the alternating field 3. Deferring the detailed exposition to anotaer
article, we stop to discuss here the case when & > £, a case that can be realized if the fre-
quency is not too low or if the magnetic field is sufficiently close to Hg,. In this approxima-
tion, the surface impedance Z can obvicusly be expressed in the form

1 1 i

L]

4 zSur Zvol
where Zgyp is determined by the nondissipative superconducting and dissipative surface currents,
and Sy is determined by the current of the volume excitations, The expression for Zy is analo-
gous, with a relative accuracy on the order of VE/R << 1, to the corresponding expression for
the impedance of a normal metal with strictly specular reflection from the surface. In particu-
tar, there should also be cobserved cyclotron resonance at a slightly modified (to the extent
that vE/R is small) cyclotron frequency. The value of Zgyy is determined by the effective con-
ductivity of the surface layer, and if the scattering by the surface is diffuse, then the effee-
tive free-path time is of the order of vRy,/vE, and

—
. ne Ry, v, 1
o —f— 1+ L &5
eff = s E ' SUT .
® ¢ Tere €

We see that at frequencies that are not teo low, or in a field sulficiently close to Hey, a sit-
uation is possible wherein

P 2
Lsur ~ = o K.
VRy v, 0,

Let us stop also to discuss the obvious anisotropy of the impedance Zg,y, and hence of the cntire
surface impedance Z, with respect to the anpgle between the constant and alternating magnetic

fields (currents). In our approximation § » I, when H; L [l (M, is the amplitude of the alter-
nating magnetic field), the gap & does not change in the linear approximation in H;, but at
H, [| H the change of A can obviously be expressed in the form
A
l&'l = —?—-— HI'
aH

The effect of the change in the gap A& can be easily estimated from the excitation dispersion law
(2). The relative contribution made to the absorption by the change of the gap is of the order
of
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and can bg appreciable, in spite of the small factor £/8 in this approximation, because JA/OH is
large. Such an anisotropy was observed experimentally in [7].
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