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This paper is devoted to a study of the general localization criterion in the field theory of an
electron in a random field. We show the equivalence of the Economou-Cohen and the Berezinskii-
Gor’kov localization criteria. The general localization criterion is formulated as the requirement
of the existence of a pole contribution in the two-particle Green function with a factorizable
residue (in momentum space). We search for a solution of this kind on the basis of a study of the
homogeneous Bethe-Salpeter equation and in the framework of the instanton approach. We show
that the Bethe-Salpeter equation determines the point where the “normal” (metallic) phase be-
comes unstable. The instanton approach describes the energy region corresponding to the local-
ized phase. In both approaches the critical energy for which the transition occurs (mobility
threshold) falls in the “Ginzburg critical region” which goes substantially beyond the framework
of the approximations used. Both approaches follow naturally from an effective action formalism,

but they reflect different mechanisms for the instability of the normal phase.

PACS numbers: 11.10.St

1. INTRODUCTION

The obvious analogy which exists between the pheno-
menon of the localization of electrons in disordered systems
(Anderson transition) and the usual phase transitions has led
to many attempts to construct a field theory for an electron
in a random field (see the review' and Refs. 2 to 5). The
results of these papers are rather contradictory and the gen-
eral picture of the transition is still not at all clear. In particu-
lar, this is true of the problem of the possibility of describing
the localization on the basis of some kind of order-parameter
representation.

The problem of how the localization manifests itself in
the basic quantities with which the theory operates, such as
the Green function, has also not been studied sufficiently.
This makes the final solution of the problem much more
difficult. It is, for example, clear that the problem of the
realization of the localization effect itself is, in general, dif-
ferent from the problem of the behavior of the conductivity
near the mobility threshold, the solution of which may turn
out ot be much more complex. The present paper is devoted
to an analysis of the general criterion for localization and to
some attempts to look for the corresponding solutions from
the basic equations of the theory of an electron in a random
field.

2. EQUIVALENCE OF éCONOMOU-COHEN AND
BEREZINSKII-GOR’KOV LOCALIZATION CRITERIA

We consider noninteracting electrons moving in the
field of impurities which are randomly distributed (in a d-
dimensional space). Following Berezinskii and Gor’kov® we
define the spectral density:
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is the electron density of states averaged over the configura-
tions of the random potential: @, (r) and €, are the exact
wavefunctions and energy levels of the electron in the field of
the impurities, v is a set of quantum numbers characterizing
these states, E is the energy of the electron, and w is an arbi-
trary frequency.

According to the localization criterion proposed in Ref.
6 there arises in the range of energies E corresponding to
localized states a contribution which has a §-shape:

Cpe(r) pera (r') D=Ac(r—1r") 8 (w) +p.5 (r—1', o), (3)
or, in the momentum representation,
€pepr+o? q=Ae(q)d(w)+p.5(qo). (4)

The second term in (3) or (4) is regular in . In the region of
delocalized states Ag(r — r') = Ag(q) = 0.

As the quantities 4 ;(q) or Ag(r — r') signal the appear-
ance of localized states it is useful to change to their defini-
tion in the standard formalism (Green functions). Introduc-

ing retarded and advanced averaged Green functions for the
electron

G A(rE) =Y (@.()9. (v)/ (E—e.xid)) (5)
and using the definition (1) we get immediately

€pe(r)peia(r’) D= ({Im G*4 (rr'E+w) Im G*4 (r'rE) )

1
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1
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—(G* (rr'E+w) G (r'TE) >}, (6)
or, in momentum space,
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where, for simplicity, we have introduced the notation’
1 p /
P4 (Eoq)=—7— E (G*(p,p+'E+0)G*(p-'p-E)>, (8§
2mi e

where p, =p+¢/2. The quantities @D*f(Ewq) or
@"*4(Ewq) are defined similarly. One sees easily”® that as
g—0, ©—0 the quantities @** and @"** behave regularly. It
is clear that the singular contribution to (4) corresponding to
the appearance of localized states can arise only from the
first term in (8). One sees easily that

Ag(q)=lim ———

1 RA
lim 75 6 Im P4 (Ew+isq) lomo

1m62 Re<G"(p,p+ E+i8) GA(p_'p_E—i8) ),
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or, in the coordinate representation,
1
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It is useful to introduce the quantity

AE=AE (l'_‘rl) l r=t' — AE (‘l)

(2 )"'

1
== 4 7 2 ,
AN (E) ﬁadG(n E+id) 2] ear, (11)

which is proportional to the averaged probability that an
electron returns to the initial point in coordinate space after
infinite time.? Hence it is clear that the general Berezinskii-
Gor’kov localization criterion® is equivalent to the general-
ized Economou-Cohen localization criterion.’

3. LOCALIZATION FROM THE BETHE-SALPETER EQUATION
We consider the two-particle Green function

1
Do (Eqo) = — Py (G"(p+p+'E+0)G*(p-"p-E)>. (12)

It is well known that in the framework of perturbation the-
ory it is determined by the Bethe-Salpeter integral equa-
tion”®

Do (Eqo) =G (E-+op,) GA (Ep- ){——6@ p)

+ Y Ui (a0) 900 (Ego) |, (13)

where G®*(Ep) is the complete averaged retarded (ad-
vanced) single-electron Green function, while the irreduci-
ble vertex part U, (qw) is determined by the sum of all
graphs which cannot be cut along two lines—an advanced
and a retarded one (see Fig. 1, where the dashed line indi-
cates the “interaction” p¥?, where p is the density of the
impurities and ¥ the Fourier transform of the potential of a
single impurity, which for the sake of simplicity we assume
to be a point impurity).

We consider the problem of whether the solution of Eq.
(13) can lead to a two-particle Green function containing
singularities corresponding to localization. Starting from
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the results of the preceding section we assume that in the
range of energies E where there exist localized states in the
system, &, (Eqw) has the form with a pole

P (E) Ppr =1 (E)
Do (Eqo) =— oFi

pp’

+ Do (Eqa), (14)

where @' (Eqw) is the regular part while the factorization of
the residue at the pole (in momentum space) is assumed by
analogy with the problem of bound states. We give a certain
justification for this assumption in that follows.

From (8) and (13) we get at once

R4 _ Xa(E)x—a (E) w
8™ (Eqe) = T*Z Bor (Eqo),  (15)
XeE)= Y, b (B). (16)

It then follows from (9) that
Ae(q) = ———=%a(E)%-a(E). (17)

N (E)

One sees easily that y , ((E) = y . (E). From the general
property that® A;(q = 0) =1 there follows the normaliza-
tion condition y,(E ) = N /}(E). For the return probability

A [Eq. (11)] we get

1
As = 5y e e ) (18)

The basic advantage of the localization criterion (14)
formulated here is that when we substitude (14) into (13) the
pole term dominates (as w—0) and we get the homogeneous
Bethe-Salpeter equation for 3(E):

0! () =G"(Ep,) G*(Ep-) ), Upy (q0=0)4y9(E).  (19)

It appears that a study of such an equation is appreciably
simpler than the solution of the general Eq. (13). Localiza-
tion would correspond to the appearance of a nontrivial so-
lution ¢ (E ) #0 of Eq. (19) which would remain nonvanish-
ing in the whole energy range E<E, where E_ is th mobility
threshold. However, it may turn out (and we show in what
follows that this is, apparently, the case) that Eq. (19) only
gives the threshold E, itself but does not describe the region
E < E.. We assume therefore that Eq. (19) gives a relatively
simple method for finding the instability threshold of the
“normal” (metallic) state.

It is obvious that an analysis of Eq. (19) in its general
form is impossible. It is clear after the appearance of Refs.
10, 11 that at least in the “quasi-metallic” range of two-
dimensional systems localization effects are connected with
the contribution of the “maximally interesting” graphs for

Us,, (qo) (Fig. 2):
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Upp (q0) =2y (E) pV*/ (Di* (p+p)*~i00), (20)
where D § = E /mdy(E ) is the classical diffusion coefficient,

Y(E ) is the classical diffusion coefficient, Y(E ) = mpV >N (E ).
In the metallic range Eq. (19) then takes the form

‘[E‘L(P*“;—‘l)"ﬁ‘{(E)]

1 1
——(p——q) —iy(E) | % (E
x[B———(p La) i ®) |we®)
ddpl \pp'q(E)

(20)¢ (p+p)*’

where A (E) = 2dmy*(E oV */E. After changing to dimen-

sionless variables p—p/(2mE)'/> we write Eq. (19) in the
symmetrized from

$p* (B) =t [ &' KeE (0,9 0 (E), (22)

=x(E)_\' (21)

where
"I’—Pq (E) =Rq-‘h (P)p—»" (E),

Rq(p) =[1— (p—'/.q)*+iy/E]~* [1— (p+'/.q9)*—iy/E] 7",
Ae=4(27)°m? (2mE) >\ (E),
(23)
while
K (p,p’)=R,"(p) Ry" (—p’) L (24)

|p—p’I?

is a positive-type'? symmetric (Hermitean) kernel satisfying
the inequality

K&(p, p’

Hence it is clear that for 2 < d < 4 the equation considered is
an integral equation with a kernel with a weak singularity'?
and certainly possesses a finite (or denumerable) eigenvalue
spectrum lying on a section of the real axis with a length
determined by the norm of the integral operator. From Enz’s
theorem'? it follows that the first eigenvalue of this kernel is
positive and simple while the corresponding eigenfunction is
everywhere positive definite. Using the boundedness of the
integral operator one checks easily that the equation consid-
ered does not have any trivial solutions when

)<E[y*|p—Pp'|* (25)

d/2 ey —1
7»E<{ﬂ___1_b_} i (26)
T(d/2) d—2 7
i.e., when
Ad 2/(4—d)
).

where A, = 2' ~/27r =924 /I"(d /2) and where we have in-
troduced the characteristic energy

Eu=md/(;—d) (sz)z/“_d). (28)
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Hence it is clear that for d = 3 the corresponding threshold
energy fallsin the “strong coupling” region E,. = m*(pV ?)?,
where the selection we made of diagrams is, generally speak-
ing, invalid"'* and one needs to take all diagrams of the per-
turbation theory into account. As d—2 the range of energies
for which there is no solution “takes off’ to infinity which
means that in that case the mobility threshold E.— . In
our opinion this result is a rather exact proof of the ideas of a
total localization when d = 2 (Ref. 10). At the same time one
sees easily that inequality (27) gives the analogue of the
“Ginzburg critical region”"'? in which higher orders of the
perturbation theory are important. Therefore, as d—2 sim-
ple peturbaion theory becomes inapplicable for all energies.

4. LOCALIZATION AND INSTANTONS

In view of the fact that when we describe the region of
the localized states itself the approach given above, which is
based upon the homogeneous Bethe-Salpeter equation, is,
apparently, insufficient, we turn to an alternative approach
which enables us to obtain a two-particle Green function of
the form (14) in the whole energy range. It is well
known''*!S that the localization phenomenon is closely
connected with the appearnace (in the appropriate energy
range) of nonlinear solutions with a finite action (instantons)
of the classical equations of an effective field theory which is
associated with the problem of an electron in a random
field." We consider in detail the contribution of such solu-
tions to the two-particle Green function.

To evaluate the two-particle electron Green function in
a random field we can introduce' the following effective La-
grangian:

+2i {2— (Voo (E-it) g}

o) +(Yor) 3§ b7t} (29)

i=1 je=1 =t

where at the end of the calculations one understands that one
must take the limit n—0, m—0. Using the qualitative analy-
sis of the classical field equations following from a Lagran-
gian'*'> one can check that when E <0, E + >0 these
equations have a spherically symmetric instanton solution of
the form

@5 (r) =@u(r)e, & (r)=0, (30)

2|E|\ % ‘
cpcz(r)=(W) Y (1), r=2ml|E|)-"t, (31)
wherey (¢) 2" =92 exp( — ¢ )when <1, ¥/ (0) = 0. In(30)

e; is the unit (m-component) isotopic vector of the field ¢.

Considering in the corresponding functional integral
contribution connected with the Gaussian fluctuations
around classical solution (30) we get
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GR(rr’; E+o+i8) G* (r'r; E—i8) >~ exp{—S[.]}
X T (9l 75" [gal [ @R, [ degor (' —Ro)
xpet (r=Rs) [ D | Do (1) 6, ) exp (=Sl #,01},  (32)

where S [@. ] <m ~¢*|E |**/*/pV? is the classical action
on the instaton,
Llgul= [ d'(Vou)?~m=42| | <-072/pV2,

(33)
Irlgul= [dirqut(r) ~m=4*|E|=072/pV?

is the Jacobian of the change to integration over the collec-
tive variables R, (center of the instanton) and e (direction in
isotopic space), Sy[D, @ ] is the action describing the Gaus-
sian fluctuations in the vicinity of the instanton solution (¢
denotes now the deviation from @)

S8, 9]= [ d{Zu(8) + 2o (@)}, (34)

Z, = i(Mr+'5) (aij—eiej) o+ (O] (M +id) e.e;9;,

(9) Z;cp i ; et

Po(®)= Z b (Mr—o—i8) 8555, (36)
ij

where
1 ) 3
M, =——V2—E —— oV?p.,°
LB ZmV 2 oVigur,

1 1
= V:—F —— V.2
My === V'~E ——oVqu (37)

The tilde above the symbol for the functional integration
over ¢ indicates that the zero eigenvalues of the operators
M, and M, ( the “zero modes”) which are taken into ac-
count through the integration over the collective variables
R, and e must be excluded.

Introducing the eigenfunctions and eigenvalues

ML‘IIkL=A4hL‘IIth qu‘rnr=}zn“ykry (38)

we get easily

[ D88, (") exp {~S:[ B, 01}

v,r (T_Ro) v’ (l',-‘Ro)
o+id

~

V ¥, 7 (r—R,) ¥\ " (r'—R,)
f (T};T—Q)—la) tHn/2 n>0

.+2 ey (39)

k0

where the normalized eigenfunction of the lowest level of the
operator M, (A T =0, the “rotatonal” zero mode'*'") has

the form

T (r—R,) =Jr_ll’ [@c:]@e: (r—Ry). (40)

As aresult we get the singular contribution to the two-parti-
cle Green function:

819 Sov. Phys. JETP 56 (4), October 1982

(G*(rr’; ExX 0 +id) G (r'r; E—i8) >

i ) a2
m ekp{ S[(Pcl]}JL [(Pu]

X J2"[@c ] (IDet” Mp|) =" (Det’ M,)"
Xj‘ ddRoCP.:l2 (l'_‘Ro)(Pctz(l'l_Ro)- (41)

Here Det’ M, and Det’ M, do not contain contributions
from the zero eigenvalues of the operators M, and M.
Cardy'* was the first to give an expression equivalent to (41)
(for @ = 0). Taking into account the sketchy nature of that
paper we decided to perform rather detailed calculations.
We note that the singular contribution turns out to be con-
nected with the existence of a “zero” rotational mode, i.e., in
fact with the symmetry of the system. One may thus expect
that this contribution does not vanish even when we take
into corrections to the Gaussian approximation.

Taking now the explicit form of the density of states
into account which in the energy range considered is deter-
mined by a similar instanton contribution'*'* we get at once
from (10), (11), and (41)

As(r—r) ~ [ #Rogu (-R) 9’ R [ [ ttr9]
2

which is valid up to dimensionless constants. For the return
probability we get from this: 4 « |E |*/2.
Changing to the momentum representation by using

%a =J. dre~ "¢, (r), (43)
we get
Ax(q) NIqE——m (44)

which reproduces (17). Introducing the Fourier transform of
the instanton

Q= jd‘*re"'“'(pc,(r), (45)
we see that

~ ddP cl

Ya = (2n)* Po' Pa—p, (46)
and comparing this with (16) we get

Vo (B) ~ 9y (E) gy (E). (47)

The consideration given her is thus in fact a validation, in the
framework of the instanton approach, of the above in (14),
assumed form of the singular contribution to the two-parti-
cle Green function corresponding to localization. The resi-
due in the pole is then expressed in terms of instantons. The
region of applicability of the instanton approach is roughly
determined by the condition"'*'> § [@,, ] > 1 which leads to
the requirement |E |>E,. where E__ is defined in (28) (the
necessary refinements will be given in what follows).

5. EFFECTIVE-ACTION FORMALISM

There arises the problem of the relation between the two
approaches discussed above for finding the singular part of
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the two-particle Green function. We show below that both

It is convenient to use a matrix notation

description methods naturally arise as a manifestation of, in @
general, different instabilities of the system in the framework = ( q) ) » OF=(2¢). (49)
of the effective action formalism for the component fields.'® G G
For the system considered of the fields @ and ¢ the effective G = [ oo e ] y Goe=Gogp. (50)
action is'® a functional I" of the “classical” (average) values Geo G
of the fields @ and @ and of the corresponding Green . . .
: oS " L el 29 .
functions which satisfies the variational principle: agrangian (29) can be rewritten in compact form:
or or T ’
—_ =0, =0, —0. (48) Z(r)="'/.8p |dr' OGO —"/pV?*(Sp D+ D)2, 51
B e =" :8p | SOV (SpO*D)Y,  (51)
J
1 .
{—-ﬁvz-—(E—l—a)—{—zG)}G” 0
Gy ()= 1 X 6 (c—rt'). (52)
0 {—%vz_(z—ta)}si,-

According to Ref. 16 with an obvious generalization to the
case of two fields we have

T'(Da, G)=S(®)—"/.TrlnG""
—1/,Tr {G-'G—1}+F (Do, G), (53)

where Tr and In are understood in the functional sense,'®i.c.,
in particular Tr includes all necessary integrations while

In G = InDet G, G ~'is the reciprocal of the Green function
matrix in the classical field:

G(r )= [a b] S(r—r'), (54)
cd
where
1 . . ll' 2 2 2
a ={— — Vz—' (E+(D+l(5) ——'pV (¢cl +q)cl ) }
2m 2
X Gij_pvz¢cti ¢clj )

=—‘PV2¢clj Pt i =_pV2(Pcl i¢“lj 1

d— 1
—{ 2m

Vz— (E'—lé) - ‘%— sz (¢ctz+(Pclz)‘}

X 8:—pV?@er, Pet ;5

m
n
2 2 2 = q)zz.
pi=Y ®4, 9u 3
i=1

et

The functional & (P, ,6' ) satisfies the conditions

SF/8G="/.% (55)
such that the equation
8T/6G="/,G'—'/,G~'+'/,2=0 (56)

is simply the Dyson equation while the matrix = consists of
the irreducible self-energy parts with dressed internal lings.
One can get the formal scheme for calculation ¥ (94,G)
easily by an appropriate generalization of the prescriptions
of Ref. 16.
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r

We first consider the “normal” phase in which @,
= @ = 0 and only the Green functions G, and G, are
nonvanishing. In that case (53) simplifies

r(G)=F (G)—"/.Trln G—'—'/,Tr {G,~'G—1}. (57)

The matrix (54) reduces to (52). A stable system must satisfy
the condition & °I" > O for any variations in @, and G. We
consider the stability against arbitrary variations of the
Green functions in the “normal” phase. We show graphical-
ly in Fig. 3 examples of variations of the self-energy parts
when the Green functions are varied. Hence one finds, in
particular, easily that ’

T 1 6Goy!

+i_62¢¢
5GodGae 2 06Gopo

2 0Gge

1 1
=5 Gopop~'Ge™ - Ugopo ,

(58)
etc., where Up g, is the irreducible vertex part in appropri-
ate two-particle channel. The problem of the instability of
the system with respect to variations §G,, is of interest to us.
In a stable system

8T (59)
————— §G ¢¢=0.
8GpedGop "
Using6Gyp,, = Gop Vo, Gy (SC€ Fig. 3)in (59) and (58) we see
that the stability threshold of the “normal” phase is given by

Tr 6G e

[ 3.284 [2,28%
@ 4 ? [4
0Ly = 4 + v Obypy=
2 9 o ¢ MAA
¢ SO o O
1 e TR o e [
t,= (U] + u 96,,= é{
? 7 ? 5” ] ?y .
FIG. 3.
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Y "@=0 v =

a b

the condition

Tr Gosop G U 000G 0 W6 Goo—TT GogPogs PG p o =0,
(60)

which is graphically represented in Fig. 4a. It is fairly ob-
vious that when there appears a nontrivial solution of the
homogeneous Bethe-Salpeter Eq. (19) the stability of the sys-

tem is violated (Fig. 4b).
The analysis given here shows that the appearance of a
nontrivial solution of Eq. (19) gives in the general case the
. |

G_‘(l'l")= [ (Mr_((';_iﬁ)éﬁ 0

and the simplest approximation for F(d’cka ) reduces to
neglecting in (53) the contribution & (®,,,G ). In that case
(53) gives

T (@a) =S (@) =/ TrIn Ggg="'—"/2 TrInGep™

=S(q;cl) +1‘l(q)€l)7 (62)
and the equation 81" /8¢, = 0 reduces to
1 . 1 Ol (@)
——V@i—E@u— —pV’@.'+ ———— =10,
om Qa—EQ 5 pViQa Sou (63)

which is the generalized equation for instantons leading to
the solution (30). Here I'\(@,,) is the result of summing the
single-loop corrections to the classical action. Considering

in it the term of first order in p¥ 2@ %, we get

1 d’p 1
(1) —_ 2 d 2 P —
Fl ((pcl) 2 pV jd Qe (r) j. (Zn)d pz/2m_E

= ;— OF | diru (x), (64)
where SE gives the single-loop ‘“mass” renormalization in
the original Lagrangian. Taking for E the already renormal-
ized “mass” we shall assume that the ““critical point” corre-
sponds to E—0 so that in terms of the “‘bare mass”

ddp 1 pd—-z

Ey=E—8E — Eoe=—pV* | —— ——— =—pV*2mS,——
° Eao oV I(Zn)" p*/2m oV 2ded—Z !
(65)

which determines the (in the single-loop approximation)
shifted band edge. Here p, is the cut-off momentum, S,
=2"9=Y7r=92/(d /2). Our definition of the shifted
band edge differs from the one assumed in Ref. 17. For E we
get the equation

E=E,+8E=E,—~E,.—pV*

X[ d'p { d'p 1
Y 2n)¢ p2m—E (2m)¢ pz/2m]

-1
—E—E, +oViumS,(—2mE) {siu n (% - 1)} :
2<d<4. (66)
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(M}_+16) €¢€j+ (MT"I'lG) (6.‘,'—6.'83)

FIG. 4.

threshold for the stability of the “normal” phase where we
are talking about stability with respect to variations 6Gg,-
An expansion of the functional I" (G ) from (57) in powers of
6Gg, < Y, gives in principle a method to consider the cor-
responding ‘““‘condensed” phase while in that case Yz, Dlays
the role of the order parameter.

The first two Eqs. (48) are in fact a generalization of the
classical field equations following from the Lagrangian (29),
(51). The case when they acquire nontrivial solutions of the
kind (30) is important for us. The matrix (54) then reduces to

J o, (61)

r

The “Ginzburg criterion” follows'® from the requirement
that the simplest formula Ex~E,— E,, be valid which
means the equation for the renormalized electron “mass”
energy reckoned from the shifted band edge. This is just the
meaning of the variable E in that paper and in Refs. 1, 14, 135.
It is clear that the equation is satisfied when

(67)

2/(4—d)
IE]> ( ) E., 2<d<4

LB
|'sin (nd/2) |
where B, =2~ 4?7'~9/2/I"(d /2) while E,, is defined in
(28). This inequality which determines the condition for the
applicability of our approximation is equivalent, in particu-
lar, to the inequality (27) obtained earlier. In the negative
energy range it delimits the region beyond which the instan-

ton approach is valid.

From the effective action formalism there follows thus
in a natural manner both the instability of the “normal”
(metallic) phase which is connected with the appearance of a
nontrivial solution of the homogeneous Bethe-Salpeter Eq.
(19) and the instability of that phase connected with the ap-
pearance of instanton solutions. In the framework of the ap-
proximations used these two instabilities remain indepen-
dent which may, in principle, indicate the existence of two
kinds of electron localization. At the same time it is clear
that the complete solution of the problem of the relation
between the two instabilities requires one to go beyond the
framework of the approximations used and to penetrate real-
ly the “strong coupling” region. The effective action formal-
ism gives, at least in principle, a convenient apparatus for a
joint consideration of these instabilities.

'M. V. Sadovskii, Usp. Fiz. Nauk 133, 233 (1981) [Sov. Phys. Usp. 24, 96
(1981)].

2K. B. Efetov, A. I. Larkin, and D. E. Khmel’nitskii, Zh. Eksp. Teor. Fiz.
79, 1120 (1980) [Sov. Phys. JETP 52, 568 (1980)].

3A. J. McKane and M. Stone, Ann. Phys. (N. Y.) 131, 36 (1981).

*G. Parisi, J. Phys. A14, 735 (1981).

SA. B. Harris and T. C. Lubensky, Phys. Rev. B23, 2640 (1981).

%V. L. Berezinskii and L. P. Gor’kov, Zh. Eksp. Teor. Fiz. 77, 2498 (1979)

M. V. Sadovskil 821



[Sov. Phys. JETP 50, 1209 (1979)].

"D. Vollhardt and P. Wolfle, Phys. Rev. B22, 4666 (1980).

%S. V. Maleev and B. P. Toperverg, Zh. Eksp. Teor. Fiz. 69, 1440 (1975)
[Sov. Phys. JETP 42, 734 (1975)].

°E. N. Economou and M. H. Cohen, Phys. Rev. BS, 2931 (1972).

9. Abrahams, P. W. Anderson, D. C. Licciardello, and T. V. Ramak-
rishnan, Phys. Rev. Lett. 42, 673 (1979).

L. P. Gor’kov, A. I. Larkin, and D. E. KhmeV’nitskii, Pis’ma Zh. Eksp.

Teor. Fiz. 30, 248 (1979) [JETP Let.. 30, 228 (1979)].
12V, S. Vladimirov, Uravneniya matematicheskof fiziki (Equations of
Mathematical Physical) Moscow, Nauka, 1967.

822 Sov. Phys. JETP 56 (4), October 1982

"*M. V. Sadovskii, Fiz. Tverd. Tela (Leningrad) 19, 2334 (1977) [Sov.
Phys. Solid State 19, 1366 (1977)].
"“J. L. Cardy, J. Phys. C11, L321 (1978).

'SM. V. Sadovskii, Fiz. Tverd, Tela (Leningrad) 21, 743 (1979) [Sov. Phys.

Solid State 21, 435 (1979)].
'°J. M. Cornwall, R. Jackiw, and E. Tomnoulis, Phys. Rev. D10, 2428

(1974).
'7E. Brezin and G. Parisi, J. Phys. C13, L307 (1980).
'¥D. J. Amit, J. Phys. C7, 3369 (1974).

Translated by D. ter Haar

M. V. Sadovskir

822




