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The lower critical field H¢] for highly impure alloys (I < £,) is found. It is given by
formulas (34) and (30), where H. is the thermodynamic critical field. Corrections to the
depth of penetration of a weak magnetic field into a superconducting alloy are also computed.

INTRODUCTION

ONE of the features of the behavior of supercon-
ducting alloys in a magnetic field is the appreciable
range of their transition from the superconducting
into the normal state. Accordingly, the alloys are
characterized by the presence of two critical
fields—upper Hg, at which the first occurrence

of the superconducting phase is possible, and
so-called lower critical field Hgy, corresponding
to the start of penetration of the magnetic field

into the superconductor.

Within the framework of the phenomenological
Ginzburg-Landau theory, i.e., near the critical
temperature of the superconducting transition, the
resultant state was investigated in detail by Abri-
kosov]. In particular, he obtained expressions
for the critical fields Hgy and Hgs:

He = H.(In% + 0.08) / V2%,  Hep = H.2x,

where Hce—thermodynamic critical field and
k —parameter of the Ginzburg-Landau theory

V22
= e

[HC602]T=T:'

Abrikosov obtained his results for the lower
critical field under the assumption that ¢ > 1.
Following the formulation of the BCS microscopic
theory of superconductivity[zj, Gor’kov showed[?]
that the noted similarities in the behavior of super-
conducting alloys in a magnetic field resulted from
the change in the superconducting correlation of
the conduction electrons scattered by the impuri-
ties. It turned out then that the parameter x of the
Ginzburg-Landau theory depends on the mean free
path . With decreasing mean free path, the super-
conducting alloy loses the properties of a pure
superconductor at a certain impurity concentration

experimentally in magnetic fields. For sufficiently
large concentrations, k increases like 1/1 and can
become very large, as assumed also by Abri-
kosovl]. There is no doubt at present that the
above picture describes well all the features of

the behavior of alloys in a magnetic field.

Later on Shapoval“], likewise within the
framework of the microscopic theory, investigated
the upper critical field H., for superconducting
alloys over the entire temperature interval.

In the present paper we obtain the lower
critical field over the entire temperature interval,
for a strongly contaminated alloy (I < &, &,
= hv/2rkTe—correlation parameter). The condi-
tion [ < %0 is equivalent to the condition x > 1
used in ) for an analysis of the region near the
lower critical field. The possibility of solving
this problem is connected with the fact that in the
essential region the equations of the superconduc-
ting alloys are local, and the quantities character-
izing the superconductor differ little from their
values in the homogeneous problem in the absence
of a field.

We also calculate in this paper corrections
quadratic in the field for the depth of penetration
of a weak field.

1. LOWER CRITICAL FIELD

Like Abrikosov[!, we assume here that the
transition from the superconducting state into the
mixed state is a second-order phase transition.
We assume also an analogous distribution of the
currents in the field, i.e., we assume that the
penetration of the field in the superconductor is
in the form of thin filaments, separated from one
another by large distances, so that they can be re-
garded as independent. We shall consider hence-

and acquires the characteristic properties observed forth only one filament.
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ELECTRODYNAMICS OF SUPERCONDUCTING ALLOYS

The field distribution in a superconducting
alloy is determined with the aid of the equations
for the Green’s function and Maxwell’s equation

L 9
io — [iVe+eA (x)]2/2m A (%)
=2 (x—x,)

—io—[iVy;—eA(x)]?/2m

—A'(x)
4 — X (x —x)
G, x x)  —§,(x x)
<%m+ (%, x') ®—w (x', x) )
§(x— x') 0 N
:( 0 G(X—x’))’ (1)
A(x)=gT D §u(x, X),  rotTot A (x) = — 4mj(x),  (2)

where A (x)—vector potential, w = 27 (n+ %) T
u(x — X, ) —potential of interaction with the im-
purity atoms, g—constant of interaction of the
electrons with one another, y —chemical potential,
and 8 (X, X'), §,(x, x’) and & (%, x')—tem-
perature Green’s functions, defined, for example,
in(5). The current density j(x) is connected with
8, (%, X') by the relation

x)=2TZ{é—;L(V

— f%(_"_)@m (x,x’)} (3)

— V.) 8, (x, x')

Equation (1) was written out in matrix form,
with the aggregate of the Green’s function forming
a single matrix Green’s function for the operator
in the left side of (1)

8o (x, X') = (@30, (%, x)
o™ (x, X')

Inasmuch as the problem has cylindrical sym-
metry, we choose the direction of the filament
along the z axis, and direct the vector potential
A perpendicular to the radius vector. We exclude
the phase dependence from among the quantities
in (1), (2), and (3), assuming, as in D], that it is
of the form

— 8o (x, X')) _

&, (x', x)

A (x) = A (x) e, 8, (x, x') = 8,/ (x, x') eie=¥)2,
§u (X, X) =
%w+ (Xv X/) = %w+

where @ —polar angle of the point with coordinate
X.

%w, (Xr X') ei(¢+®')/2’

(x, X) i, (4)

Substituting expressions (4) in (1), (2), and (3)
we obtain a system of equations in which primed
quantities will now be involved. Leaving off the
primes, we obtain a system of equations that

*rot = curl.
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differs from (1) —(3) only in the fact that A(x) is
replaced by

Q(x) = A(x) — Vy/ 2e.

We shall have in mind this function in what follows.
We shall show below that when ¢ > 1, as in [1]’
the main contribution is made by the region of
large distances from the center of the filament,
where the field is small. Therefore, after exclud-
ing from the Green’s functions the phase dependence
(4), we can solve (1) —(3) by expanding all the quanti-
ties in terms of small deviations from their values
in the absence of a field. In the expansion of
Gy, (x, x') it is sufficient here to retain the terms
that are linear in A(Xx) = A(X) — A (A—value of
the gap in the absence of the field) and quadratic
in Q(x). As will be shown below, such expansions
are valid at distances r > &,/k ~ (£,1)V2
For the current density in this region we have[®]
Q(x) 5:=1{ 1 T: -
4nd? ’ 0 2m| Asth(A2T) | °

jx) = —

where ¢ = Ne’7{./m—residual resistance of
normal alloy.

The equation for Q(x) = |Q(x) | takes then
the form

L209-%-4 @

Its solution under the boundary conditions
Q(») =10, Q(r «<§y) = (2e) Ve = (2er)! is

1 r
w5 5 (4 ) )

x)—Bessel function of imaginary argu-

Q(r)=

where K, (
ment.

Substituting (7) in (1) we obtain a system of
equations for the Green’s functions, which we can
rewrite in integral form by using the matrix nota-
tion:

o (x, X) = Gou (x, X') + Sf;om x, hA 1) Gu (1, x')dl

+S o (. 1) 0 (1)Go (1, x)dl,

(x) TE{&' (x, x) —

g (100, (%, x)}. (8)

We have used here also the following notation:

Axy=A@x)I, 1= ('0 _1),

1 0

ie

Q (x) = ——Q (x)n: Vs,

. (10
“=<0 _1>’ nx =

Q)
0w’ @

" *th - tanh.
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éow (x, x") —Green’s function of the superconduc-
ting alloy in the absence of a field.

Equation (8) is solved by expanding éw(x, x")
in a series in A (x) and Q(x). Each term of the
expansion can be set here in correspondence with
a definite graph, thus arriving at a diagram tech-
nique. The difference between this technique and
that used for superconductors lies in the fact that
each line between x and x’ is set in correspond-
ence with a matrix Green’s function Gy (x, x'),
and two types of vert1ces are produced one con-
taining the matrix ¢ and the other I

Expanding G, (X, x’) with the required accu-
racy, and using the definition of A (x), we obtain

A(X) TZ{R Om(‘ 1

+ (a6, 1) 0 (1) Gou (1, 5) € (5) Gou (s, x) d1 ]

It is also necessary to average the quantities
contained in this equation over the positions of the
impurity atoms. The technique for this averaging
was developed in [5,6] and reduces briefly to the
following.

Denoting scattering by impurity atoms on the
diagrams for the Green’s functions or for their
products by means of a cross, we can show that
each cross corresponds to a vertex
u(q)exp(iq-xg) (u(qg)—Fourier component of the
potential of electron-impurity interaction, xg—
position of the impurity atom). Averaging over
Xa, we obtain if q # 0 a zero value if this diagram
does not contain one more scattering at the point
Xg with ¢’ = —q. Otherwise the result of the
averaging is equal to n|u(q) |% where n—concen-
tration of the impurity atoms. The averaging of
such a pair corresponds on the diagram to a
dashed line joining two identical impurity atoms.
It is shown in [5) that diagrams containing more
than two scatterings from one impurity atom, or
diagrams in which the dashed line encloses a ver-
tex with momentum transfer ~p;, need not be
taken into account, since their contribution is
smaller than the remaining contributions by a
factor 1/pyl <« 1.

It is possible to average A (x) and the products
of the Green’s functions in (10) separately, for
whereas A (x) varies slowly, the Green’s func-
tions oscillate over distances ~1/p,. Denoting
the averaged products of the Green’s function by
K and 1:

Ro(x =1, 1= x') = G (x, 1) 1Gou (1, X)),

] 2 A ~ A
Po(x—x) = (%> S(Gom (x, 1) 6mViGou (1, s)

A (1) Gy (1, x)l

(10)

X0,V Goo (8, X)) ds dl (11)
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and recognizing that the distance over which the
integrand in the second term of the right side of
(10) changes is ~1 < 6, we can write the equation
for A(x) in the form

N

() (6 x s s _dpd
! _TZ{XA(q)qum(PvD 9 s

(8]

dp

2

@0 L) g (12)
where Kw(pl, p,;) and ALw(pA) are the Fourier
components of the functions K and L

A 1 . . .
K, (x, x') = (27)6*81%(!’1» P2) exp {ipiX + ip-x"} dp; dpa,

N 1 A .
Lax) = WSL‘“ (p) ¢ dp.

(13)

We now proceed directly to determine the func-
tions K and L.

Figure 1 shows some diagrams obtained by
averaging K (here Py — Py =P; — Py =4q). Summa-
tion of diagrams of the type of Fig. la leads to a
replacement of the Green’s functions of the pure
superconductor by the corresponding functions of
the alloy, which differ from the former by an ex-
ponential factor exp{ —|x — x’|/21}. In the mo-
mentum representation this corresponds to re-
placing (w, A) by (wn, Any), where

1 1
2Vl LA T

Diagrams of the type of Fig. 1b must be taken
into account, since the momentum transfer in the
vertex is q << p,. Summation of these diagrams

leads to an integral equation for f(, the graphic
form of which is given in Fig. lc:

K (P, p2) = G ( ) ( 2)

9) [2dQs.

No = 1 + np,m S,

= @

o (P2) gy { [ (Pa— PP

X Kw (p'> p2) dIh'Gm (p2)- (14)

It is more convenient, however, to solve the
equation not for K, but for tk)e vertex function
ﬁw(p1, p;), connected with K by the relation

a ! b !
DN A

A A
c K A K
——-—-— = ! + —){-—j—)(—-
A A A % AN P

&y 7,
FIG. 1
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Ko (p1, p2) = Go (p1) T (p1, P2) G (o). (15)
From (14) and (15) we obtain an equation for
nw ( Py P2 ) H
ﬁ“’(ph Pz) I+ ( ) S'u(pl )12
Go (p) 1L (py', P2) G (p2") dpy'- (16)

Its solution is sought for small q, i.e., at large
distances from the center of the filament, so that
My, (py, Py) can be expanded in powers of q accu-
rate to terms quadratic in q inclusive:

o (P1, P2) = Mow (p1) + Mo (p1) (g0)2

If py ~ py the dependence of ﬁow and I, on the
momentum can henceforth be neglected.

Writing out (16) in terms of the components, we
can deduce from the form of the resultant equations
that each of the functions Iy, and Il,, will contain
only two independent quantities

fr, — ( Mo 1
—nR —ng)’
. (1) (2)
M, = ( fao Moo )
— 1 —1g

An analogous statement holds for the structure of
the vertex functions, which will be introduced be-
low.

After integrating (16) over the angles, we ar-
rive at the following equations:

S{H“’ o (P) ®u (p) + Fa (p) o (D)]

+ 21152 G, (p) B ()} dE,

Mg =

1
oo — — 14 _z_ﬁg{— 211526, (p) §o (p)

+ T8 (84 (p) G- (P) — T (P) T (P)]} dE (17)

[£=v(p — pgy)], the solution of which is of the
form

. . 1
ioA Hf);f = —1 ——arctg

H(l) —
00 ™ Drgd? nte

® A?

- — *

e + P (18)

where € = Vw? + AZ and w—Debye frequency.
Calculation of II,,, yields (we are interested

in the component 1T1§7))

'IT;,«'D 1

H (2) 1
- '121,'84 Ttr

= G } |8 () (1 — cos ) ds. (19)

The ratio of the _part of M w (Py; Py) that is
quadratic in q to How is of the order of lgoq )
and is small in the region in which we seek the

*arctg = tan™'.
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Q>
o
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FIG. 2

solution [r > (1£,)V? or q < (I£4)Y?]
we shall henceforth neglect this part.
Diagrams of the type of Fig. 2a, b appear in the
calculation of L. Diagrams of the type of Fig. 2a
lead to a replacement of the simple vertex
—en-po/m by I'y, (p)—the vertex function of
first order in o, while diagrams of the type of
Fig. 2b lead to a vertex function of second order
in o, i.e., £, (p). Ly (p) is expressed with the
aid of these functions in the following fashion:

Lo () = G (p) Tu (p) Ga (p) L (p) Gos (P)

+ Go () Za (p) G (P)-

, So that

(20)

To find the values of I‘ (p) and T (p) itis
necessary to solve the correspondmg equations,
which can be readily obtained with the aid of the
diagram technique ( Figs. 2c, d). Analytic expres-
sions for these equations and their solution are
given in the appendix. The vertex function
i:w (p) is connected with Lw(p) by the relation

A

2o (p) = C%)aglu(p —p) P Lo (p') dp'. (21)

Using this relation, and also (16) and (15), we
obtain the following formulas:

S ]) mt j

(231:)3 (pr P) d (Hf)w ),

1 ¢» DT &
@y Lo @) dp = P 3, (22)

from which, substituting (18) and (7) in (12), we
obtain
Ax) A(x) _A® pmA® o1

g I3 21 r ZF

pomA (eQv)? 1 A? 1
- 6m ——T;Es’mr[i_?<1+21]tr>:|,(23)

and for a strongly contaminated alloy (I << £;) we
obtain finally

AX) = — 2t [eQ (x)v]2T 2 z)—: / 3AT Esi" . (24)

In the region of distances r << §,, we have
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Q = 1/2er and by using this value we obtain an
estimate A (x) = lggr™°A. It is therefore clear
that A (x) changes noticeably only over distances
~ \/—lg—o, as assumed beforehand.

To calculate the energy of the filament we use
the thermodynamic relation

0Q _ _¢lAXP
5 = & o (25)

or
¢ 1
Q:Qn—{—gdx&m(x)[zd—u—.
0 tal

This formula contains the absolute value of the
gap, i.e., its phase dependence drops out. We pro-
ceed from integration with respect to g to integra-
tion with respect to A, using the definition of A

A T
?=(27)328%m(l))dp-

We have
1 dA _ pymA? 1
d—g——-C(A)—A—, C(A)__TTEF' (26)
For the filament energy, defined as € = F — Fgo
( Fgo—free energy of the superconductor in the

absence of the field), we obtain per unit length

&= 2n (27)

Qe

an | rdri(x)AL_AzC(A)dA.
0
In the integral (27), the integration region can
be broken up into three parts (0, 6,/k), (64/k, 6¢),
and (6y, «). The greatest contribution to the inte-
gration is made by the second, logarithmic region.
The essential distances are in this case 60/K <r
< gy, With A(x) = A + A(X), A(X) <A,
Q = 1/2er, and
a %
£ = 4n \ dA \ rdrA (r) C (A).
0

So/x

(28)

The contribution from the first region, as can be
seen from (27), is of the order of H%6§/«x? and will
not be taken into account in our approximation.
The third region gives a small contribution, owing
to the exponential decrease of A.

Using the expression (24) for A and the defi-
nition of the function C (A), we have

Pt A (eQv)? ?
3n I

and we obtain after summation over w:

s d A
B2 IR {A th ﬁ} -

A(r)C(A) =

A(r)C(A) = (29)

T. K. MELIK-BARKHUDAROYV

Substituting (29) in (28) and introducing the
temperature function k (T), defined by

%(T)=V2(@2e)HD2, % (T = %, (30)

we obtain with logarithmic accuracy, after inte-
grating (28),

& = H26¢ In« [ 2¢2(T). (31)

Knowing the energy of the filament, we can
write down the expression for the lower critical
field. At the start of the transition, the phonons
barely interact with one another, and their contri-
bution to the free energy is equal to ne, where n—
filament density. The free energy of a cylinder
situated in a longitudinal field H is written in the
form
HB  H?

F:Fso‘%‘nﬁ—Tn—*‘@{,

B— nSroLZAdS. (32)
So long as the field does not penetrate into the
superconductor, the free energy of the cylinder

is equal to F = Fgy+ H%/81. We see therefore
that the start of the transition is determined by
the vanishing of the quantity ne — HB/4m, i.e., the
lower critical field Hgy is equal to

H. = 4mne | B. (33)

On the other hand, by choosing the contour of
integration in the integral for the magnetic induc-
tion B at infinity, where Q = 0 and A = 1/2er, we
obtain

B:n(S)A(l)dl:ne—n.

We finally have for the lower critical field H,

He = H.Inx [V 2x(T). (34)

A plot of k¥ (T) against the temperature is
shown in Fig. 3. It must be noted that the curve
showing the variation of the moment with the field
will have the same singularity as in the paper of
Abrikosov]. The result obtained for Hey coin-
cides in form exactly with the result of Abrikosov,

%(T)/%
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differing from it only in the definition of the tem-
perature dependent « (T).

Calculation of the next nonlogarithmic terms in
(34) is quite difficult, since it calls for a solution
of the theoretical equations in the region where
the equations cease to be local.

Comparison of (34) with experiment is difficult,
owing to the lack of measurements for supercon-
ducting alloys with sufficiently large k. As shown
in Fig. 4, the temperature variation of Hgy is in
qualitative agreement with the available datal7:8],
From the quantitative point of view, on the other
hand, formula (34), when applied to alloys with
small «, yields, as in [1], too low a value for the
lower critical field.

2. DEPENDENCE OF THE DEPTH OF PENE-
TRATION ON THE FIELD

We proceed to calculate the corrections to the
depth of penetration of a weak constant magnetic
field into a superconducting alloy. The field is
chosen smaller than the lower critical field, i.e.,
no filaments are produced. It is easy to see that
in order to calculate the correction quadratic in
the field to the depth of penetration, it is necessary
to know the current density accurate to terms
cubic in A inclusive. Using the connection be-
tween the current density and the Green’s function
(3), we have
. 2e e?

§0) = s @Sp@w (b X)dp— S AN, (35)
where & ,, (p, Xx) —Fourier component of the
Green’s function averaged over the positions of
the atoms:

) 1 N
G (x,X) = (g ) @ (P, X) €0 X dp.

We expand @&, (p, X) up to terms cubic in A

”L’I/”(.‘
10~
X
X
x X
a5
Ay
2
1 ]
0 a5 70
/%

FIG. 4. Variation of the field H¢] with the temperature.
Alloy In + 2,5% Bi, <= 1.24: x — experiment, curve 2 —the-
ory; alloy Ta,Nb,,, <= 3.02: O —experiment, curve 1—
theory.
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inclusive. In calculating the current density it
will be convenient to use a matrix notation. Ex-
pressing the averaged products of the Green’s
functions by means of the relations

Ry(x —x)= %§<é°“’ (%, 1) 1Gou (1, 8) 50,V Goa (s, X') dl ds,

:S'u, (x —x')= ( Z ) S<G°“’ (x, 1) on,V Gom {1, s) cnsV Gow (s, t)

X o0 ViGou(t, X')> ds d1dt, (36)

we transform to Fourier components Rw(p) and
S ( p):

R 1 A )
= WS R, (p) e'** dp,

S (x) = (2—:0—5 S S, (p)e®*dp.

Separating from the current density the part
linear in A (x), obtained in %7, we get

231)3 r Z{

+4°(x) | pSL (v) dp}

Here R{)’ and S{’—components of the matrix
quantities R, and S, corresponding to the cor-
rections to &, (p, X):

In (38) we made use of the fact that A (x) and
A (x) vary significantly over distances ~§, in a
weak field, whereas the largest region of variation
of the corresponding kernels in (38) is ~6§y/k
<< 6y. Because of this, the electrodynamics of
alloys is local in a weak field.

Expanding Rw(p) and S@(p) in Legendre
polynomials of p-n/p, and substituting in (38), we
find that contributions are made to the current
density only by the first harmonic:

(37)

500 =Jo (0 + x) 4 (x) | pR (p) dp

(38)

§0) = o(x) +5 (Z’;")g 7 2{awA @ AP

+A (914 (<) S8 (v )ds}
Rio (p) + Ren (p) Pl(‘“;'l:—) +

Sw(P)ZSmo(P)'i‘Swl (p) P1(12>+---- (39)

Po
The averaging over the positions of the impurity
atoms leads to equations for Rw p) and Sw (p) in
the graphic form shown in Fig. 5. As before, it is
more convenient to solve the equations for the
vertex functions defined by the relations

2 () = (g )| 2 (0—P) P Ro (0 b, (40)
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é‘ J— L —n 2 ’ ’
Bo () = g 2@ =PI PBu(®) dp. (4)
The equation for AZw(p) is obtained from (40)

and from the corresponding equation for R, (p):

Za(9) = (e |12 (0 = D) PG (p) Lulo(p) T (9)

+ Gu (p') 1o G (p) TG (p)) dp’

n ¢ ’ N " g "n A ’ ’
+ Gy ) 0= P) [ Go () 2o () Co (P) P, (42)
Equation (42) is solved, as before, by expanding all
the quantities in Legendre polynomials. As a re-
sult we have for the first harmonic of the expan-
sion of Z;:

(1) (2)
Z . ( Zml Zwl ) Z(l) . ZTtrGU(x)2
©1 = r ©] =
—z8 7w T8t

The contribution of this term to the current density
is equal to

. (43)

2
- % P (%) A (x) ATy (e0)? T D) “;T . (44)
Inasmuch as the equations used to find A (x) are
derived from the corresponding equations for the
lower critical field by the substitution Q — A, we
must take for A (x) the previously obtained ex-
pression with the corresponding suitable substitu-
tion Q — A.

It now remains to find the contribution from

éw(p). The equation for = is of the form

(45)

It is solved in analogy with the preceding ones.

We note merely that, as can be readily seen, the
first harmonic of the expansion of = in Legendre
polynomials of p-n/p; receives contributions from
the zeroth and second harmonics of E:w in the
second and third terms of the free part of (45).

A A A

R I
—AR .__AN . EA . AN,

b A A A A A A A
§ rrr r z S
AAA __AAA . AW . EEA ., A

FIG. 5
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However, as shown by an estimate, it is necessary
to take into account in (45) only the terms with
Zwo- The discarded quantities are small in a
ratio 1/¢y < 1.

Solving (45), we obtain for the first harmonic

D>

wi*

=(1
B
wl = -10)

=
By, —2

2
e _ 4(ev)’thA%0?
Sl = T

:!(2)
0 ) 1
35 €

(1
wl

[Bi}3

(46)

and the corresponding contribution to the current
density is

8pom 2
o @) ARA@UAEPT X5 (47
Gathering together the obtained expressions,
we obtain ultimately for the current density
. A(x) 414 (1
X) = — 1— 7|, 48
O = ki o (S I )

where f(T)—dimensionless temperature function:

4 A?
1) = e aary © 2{28_20)—7}

w>0
{r2%) 12T

In writing down the current density in the form
(48), we have used the following expression for the
thermodynamic critical field

2
12 = sponT 3 {2¢— 2 _A?}.

>0

Let us consider the case of a superconducting
half-space occupying the region z > 0, and let us
direct the external field H; along the y axis and
the vector potential A along the x axis. Then,
substituting (48) in Maxwell’s equation, we obtain

2 -2
dA_A[ 44 (49)

Ol
Solving (49) with boundary conditions H(z = 0)

= Hy, and A(«) = 0, we obtain for A, accurate to

terms cubic in Hy,

H,

A (z) = — Hodoe /b + fg_a" ( g

>2f(T) [e32% — 3e~2/%].,
(50)

The depth of penetration is determined from the
formula

§°Hdz=—

0

_ L
-

4(0)
HO !

from which, using (50), we obtain
8 = &[1 + (Ho/H)%(T)]. (51)

The function f(T) changes little with tempera-
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ture and assumes values f(T¢) = 0.125 and £(0)
= 0.096 on the boundaries of the temperature inter-
val. As T — T formula (51) goes over into the
Ginzburg-Landau theory result.

In conclusion I am grateful to L. P. Gor’kov
for valuable advice and numerous discussions of
the work.

APPENDIX

The equations for the vertex functions f‘w and

Elw are written analytically in the following fashion:

n

Pa(®) = — o3+ e (w0 —p) P

XGu (p') Fo (p') G (p) dp', (A.1)

& n

B (p) = s § 150 =) PG () P () G () Fu )

x Go (p')dp’ + (—Jyglu(p—pw

X Go (1) Za (') G (9') dp"- (A.2)
i‘w(p) and }:‘.w(p) depend essentially on the

angle p-n/p,. After expanding these quantities in
Legendre polynomials

f“*’(p)zfo)O‘l‘f‘cnPl(n—p)—{-...’
. Po
2“’(p) =2w0+ imlpl(!';p:> +2m2p2(%101) + ey

we substitute these expansions in (A.1) and (A.2).
Using the theorem for the addition of Legendre
polynomials

Py (z) = Pn(21) Pr(22)
(

n —m)!
(n

+ m)!

Py (21) Py (25) cos Om,

+2 3 (="
m=1

where z = p-p’'/p}, z;=p-n/py and z, = p’-n/p,
are connected by the relation z = z,z,
+(1 —2zH)Y%(1 = 23?2 cos ¢, and integrating over
the angles, we find that the only nonvanishing har-
monics of the expansions are the first in f‘w and
the zeroth and second in iw.

For these quantities we have a system of linear
equations

P = — e+ o |G (D Pl (), (A.3)
ZQOTTMSG«MP) PirGo (P) TenGro (p) dE
1 N A A
T | o) S () 2, (a9

215
5 L ota o A A
B = g | G (1) Puno (1) TnGo (9)
1 ¢ o A
! (&) d 1 .
+ gy ) Go () ZusCa (p) dE (A.5)
which have the following solutions
fml = ( Fg‘l) Fg]?)
—r8 -1
/ A? evioA
N @ _ _ .
ol = —ev (-1— + 2e3mr1’1) J Ta1 prErw (A.6)
20:( =0 2531) 532:( il 253%)
—30 -2 -3 -3
(1) _ (62])2 ioA? 1
~wy T T 6n1r785 [ 2T]tril ’
@ _ (e)?Ar, A* 1.
28 = s [1 = (1+2n">], (A.7)
2w _ _M[g IEJ
@2 6Tamam,€° + m ]’
@ _ (ev)’A A* N2
Zop = 3T mee® [1 s (1 + it ):I ' (4.8)
with
1
== 'z;”ﬂ’;‘; S]u(ﬁ) [P, (cos ®)dQy, L=1,2;
m:i—}—i/Zsrl, m,:i—f—i/Zer,,.
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