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The static screened Coulomb interaction in metals is investigated in connection with the problem of high
temperature superconductivity. The density functional method is used to show that this interaction is
weakly attractive in strongly paramagnetic metals. Analysis of the conditions for the stability of a solid
against electron- and spin-density fluctuations and for the stability of the crystal lattice shows that none
of the instabilities rules out the existence of materials in which the static electron—electron force is

attractive.

PACS numbers: 74.20. — z, 75.20.En

INTRODUCTION

A nonphonon mechanism for superconductivity was
proposed in 1964 by Little' and Ginzburg? as a means
for radically raising the critical temperature (T,)."
During the subsequent years serious attempts were made
to realize such a mechanism in specific form, but no
reliable practical results have yet been achieved. This
is largely due to the difficulty of producing the required
materials, such as systems of ultrathin films or easily
polarizable quasi-one-dimensional substances. Theo-
retical studies, too, are made difficult by the complex-
ity of the objects, and their results depend to a great ex-
tent on the physical model chosen to represent the sel-
ected material and sometimes turn out to be contradic-
tory (see, e.g., Refs. 6-9). Moreover, there is no
clarity even in the fundamental questions of the problem:
a) whether attraction between the electrons can be as-
sured by a nonphonon mechanism alone, and b) whether
a system with such an interaction would be stable. The
present work was undertaken in an attempt to analyze
these questions in the weak coupling approximation with-
out resorting to specific models but taking the spatial
nonuniformity of the systems into account.

1. CONDITIONS FOR THE EXISTENCE OF A
NONPHONON SUPERCONDUCTIVITY MECHANISM

In analyzing the possibility of an exciton superconduc-
tivity mechanism it is useful to disregard the effect of
the electron-phonon interaction on 7, taking the polar-
ization of the electron subsystem alone into account in
the electron-electron interaction. Then in the weak cou-
pling approximation, or more accurately, to the lowest
order in the screened Coulomb interaction V., the
equation for T, will have the form®

[ p— Zm(gn'/zrc)um-o,./zg,-,

U = Ep;,. (k+ G) poar (k+ G*) {V., (k+ G)Ba.0r
GG’

+—2-jdm Im([Veer (k+G,k+ G, 0) /(0 +1E.1+Ea1) }
L
° (1)
Pnn’ (k+G) =Cn | ®+®|n">, V, (k+G) =4ne?/ |k+G|?,
where £, is the energy of the one-electron state |n)
reckoned from the Fermi level, k is the wave vector in
the first Brillouin zone, and G is a reciprocal lattice
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vector. We assume for simplicity that the ions from a
regular crystal lattice, but this limitation has no funda-
mental significance. To simplify Eq. (1) one usually
averages its kernel over the equal-energy surfaces.
The solution to the averaged equation is known®:

T.=1.140, exp {1/ (0)}6(—x(0)), (2)

KO=UG 0+ [ @t me @] (2a)

For the systems under consideration, in which the
electron-phonon interaction is turned off, it is natural
to assume that the kernel U(¢, ¢’) will vary appreciably
from ¢, £’ ~E~1 eV. Other energy scales differing sub-
stantially from £ can manifest themselves only in the
case of a material having a very specific band structure
(see, e.g., Ref. 5). Setting w,=¢ and solving Eq. (2a)
by successive approximations, we easily find the solu-
tion to the lowest order in U:

1O =T (0,0)= Y 8(5.)8 () pan (K + G)pan (k +G')

XV (kG k+6,0=0) [ Y 8(20). 3)

In obtaining the last equation we used the spectral repre-
sentation of the screened Coulomb interaction:

V. (0=0)= V.,+% [ do” 1m (V@) 0%},
0

It follows from Eq. (3) that if the static screened inter-
action V., k +G,k+G') =V (k +G,k +G’, w=0) is a posi-
tive definite matrix in G and G’ for all k, then the cou-
pling constant U(0, 0) will be positive for arbitrary p,,..
Thus, for the exciton superconductivity mechanism to
work the matrix must have negative eigenvalues. This
condition is somewhat approximate. The exact condition
for exciton superconductivity is that the kernel of Eq.
(1), or if we go beyond the weak coupling approximation,
the kernel of the analogous equation for T, have at least
one negative eigenvalue. In most cases the two condi-
tions are virtually equivalent. However, in the case of
strong anisotropy or if several energy scales are signif-
icant in U(t, £), when the approximate condition is inap-
plicable, exciton superconductivity may arise, in prin-
ciple, even if the matrix V . is positive definite (a de-
tailed discussion of this question will be found in Refs.

5 and 10). These factors alone, however, are hardly
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sufficient for the achievment of high critical tempera-
tures, and it is desirable to have a static electron-elec-
tron attraction.

2. IS A STATIC SCREENED ELECTRON-ELECTRON
INTERACTION ALWAYS REPULSIVE?

It is convenient to use the density functional method in
investigating static screening in metals. Since the tem-
perature dependence of the electron-electron interaction
is very weak we need consider only the case T =0 °K. It
has been shown'!"!3 that the energy of an electron gas in
a fixed external field (in our case this is the field of the
nuclei) is uniquely determined by the electron- and spin-
density distributions »(r) and #(r), respectively. For a
nonmagnetic material the energy is minimum for the
equilibrium values n=n, and =0 of the densities, and
for small deviations from equilibrium we have!! 13

E(n,fi]=E[n,, 0]+—;—2 j' dk[—6n(k+G)on(k+G')y~'(k+ G,k +G’)

GG’

+a(k+G)Ak+G )t (k+ G, k+G)] ... (4)

Here 6n=n-mn, and i=ny — n,, while x =6n/6Ucx and x,,
are the electron and spin susceptibilities, respectively,
calculated at n=n, and #=0 (U, is the external field).
To simplify the calculations we assume that the system
has cubic symmetry and neglect the spin-orbit interac-
tion.

It is usual to separate the total electron energy into
the energy E, of the noninteracting electrons, the Har-
tree energy

En= —; jdk }; 1t (k+G) V, (k+G)

and the exchange-correlation energy E .. It follows im-
mediately from (4) that

¥~ (k+G, k+G") =—8°E/6n (k+G) 6n (k+G’)
=—8(EvtEn+tE,.)/[0nbn=—(n,""+V,—1,),

Ym~t=—0E/ 67 =110="—I'm, (5)

where we have introduced the polarization operator
ﬁ.(k +G,k+ G')=[8E,/6n(k+ G)bn(k +G’) ]-* =[6E,/6fd7] *
=2 V=K, 9 n,)<ny |6~ %47 [ 2,50 (En,) O (— Ews) / (Eni — Eny)  (52)

v
and the exchange-correlation interactions

I,(k+G, k+G') =—06%E../6n (k+G) 6n(k+G’), I,=—08E../67bf. (5b)

Using (5), we can express the static screened Coulomb
interaction directly in terms of m,, V,, and I,:

Ver=Vot VexVo=(nts='— 1) (="' =L, +V5) ~'V,. (6)

If we neglect exchange and correlation effects in (6),
putting I, =0, we obtain the well known equation for V.,
in the random phase approximation (RPA):

VA= (Vo' + o).

It is not difficult to see that VRPA is a positive definite
matrix. In fact, the polarization operator 7, is a non-
negative definite matrix, since for an arbitrary function

¢ we have

823 Sov. Phys. JETP 49(5), May 1979

Yokt @)m(k+ 6,k + 6k +6) =V Y 02.)0(—a)-

NNy

| E @ (k+G)<n,le e[ p,> | / (Em—Ens) =0.

The unscreened Coulomb interaction
Vo(k+G, k+G’) =8aq, o' - 4ne?/ | k+G|?

is also a nonnegative definite matrix (V, -0 as |G| —=).
For exciton superconductivity, however, the region |G|
- is of no interest, it being quite sufficient to consider
only a region |G|<G,, where G, is an arbitrarily large
but finite positive number. With this limitation the ma-
trix V, will be positive definite. Of course the sum of a
positive definite matrix (V') and a nonnegative definite
matrix (m,) is a positive definite matrix, and the recip-
rocal of a positive definite matrix is also positive defin-
ite. Hence VRPA is a positive definite matrix, and within
the limitations of the RPA, exciton superconductivity is
impossible or very weak (the RPA is exact for a high-
density electron gas).

Taking account of the exchange and correlation effects,
which are not present in the RPA, complicates the situ-
ation. From the condition that the electron energy be
minimum at n=n, and =0 it follows that the matrices

8°E/8ndn=—y'=n,""+V,—I, and 8°E/6fbfi=ym='=n,""—I.

must be positive definite. Hence, as isevidentfrom (6),
Vs can have negative eigenvalues only if the matrix ;!
- I, has them. To clarify the sign of this matrix we ex-
press the matrix in terms of y,!.

Let us introduce the matrix A:

A(K+G, k+G’) mI,—Iu=—8E./0n,0n,
—_§'E./bn, (k+G)8n, (k+G'), (M

which depends only on the correlation energy E_, since
for the exchange energy, which is due to the interaction
of electrons with parallel spins, we have 6’E,/6n 6n =0.
Then

o =L =yn"1—A.

Let us consider a paramagnetic material that is close
to the transition to the magnetic state, i.e., which is
nearly unstable against spin density fluctuations. In this
case at least one eigenvalue of y,!, say the s-th one,
must be close to zero. Choosing a basis in which the
matrices x,! and A are both diagonal,® we find

(te~*~1.) ;= (xm~'—A) ~—A.. (8)

It is evident from (8) that the matrix n;! - I, for an al-
most magnetic material that has a positive definite ma-
trix A must have at least one negative eigenvalue. Now
by diagonalizing n,' - I, and yx simultaneously, we easily
see that the matrix V, must have the same number of
negative eigenvalues as n,' — I,. The fact that V., can
have negative eigenvalues in the paramagnetic phase
even when A is positive definite is very important for
nonphonon superconductivity, since, as a rule, super-
conductivity and magnetism exclude each other.

It is evident from definition (7) that in the Hartree-
Fock approximation, in which E_ =0, the matrix A is al-
so identically zero; within the limitations of this approx-
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imation, therefore, V. can have negative eigenvalues
only in the magnetic state. This fact has been discussed
in Refs. 15 and 16.

For a more detailed study of A with the effect of anti-
parallel correlations taken into account it is expedient
to begin with the case of a uniform electron gas, since
that is the model that has now been most thoroughly in-
vestigated. In this case all the matrices are diagonal in
the momentum representation, because of the spatial
uniformity. For example, Alk +G,k +G’)=A(Q)5¢ g,
where Q= [k +G|. In the long-wavelength limit @ -0 in
the region », < 9.0 of metallic densities we have'”

A(Q=0) = (2/3x%)"n[0.036+1.36/ (1+10r,) +0.621/ (r,+11.4)], (9)

where n=(4nr3/3)! is the density of the electron gas.
Similar expressions have been obtained in Refs. 12 and
18.» Using the method of Ref. 20 for the short-wave-
length limit @ -, we obtain

A(Q—+) "2[1—gn(0)]Vn(Q"°°)/3. (10)

Here g,, (0) is the pair distribution function for electrons
with antiparallel spins located at one point in coordinate
space. As a distribution function, g,,(0)islessthanun-
ity, so we have A(Q) >0 in the limit of large wave vec-
tors. The Geldart-Taylor interpolation formula®! can be
used to find A in the intermediate region, and it turns
out to be greater than zero for all @ (Fig. 1). The same
result was obtained in Ref. 22 by the density functional
method. Thus, for a uniform electron gas, A is a posi-
tive definite matrix.

The exchange-correlation interactions for a nonuni-
form electron gas unfortunately still remain poorly in-
vestigated. In the simplest local-density approxima-
tion,’+Y7 1, I, and A represent point interactions. For
example:

A )= fdk Y AG+6,k+6)eitsergixrenr
G,6°

=8(r—r)A(r(r)), (11)

where A[r,(r)] is given by Eq. (9) with ,(r) = [4nn(r)/
3]"Y3, This approximation is exact for a nonuniform
electron gas in the long-wavelength limit, and it may be
expected to give I,, I,, and A correctly for @ <k,. De-
spite its simplicity, the local-denstiy approximation can
be used for fairly accurate calculations of many elastic
and magnetic properties of metals,?*+?* as well as of the
spectra of isolated atoms.!” It is easy to see that in this
approximation A is diagonal in the coordinate represent-
ation and has only positive eigenvalues.

The fact that A is a positive definite matrix in the
electron-gas theories under consideration is hardly ac-

a(a)/a)
[
1.0
B FIG. 1. A as a function of @
for r¢,=4 according to the
0er Geldart-Taylor interpolation
o formula.
2.2+
1 1 1 1
7 1 7 7 ¥
Q/ke
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cidental. The matrix 6°E_/6n(r)on ,(r') =—A(r,r’) repre-
sents the interaction of a spin-up electron at r with the
spin-down correlation hole (electron deficiency) pro-
duced by it at »’. By its physical nature, the interaction
of an electron with a hole is attractive, i.e., A should be
positive definite. In view of the lack of more complete
information on the exchange-correlation effects, we
shall assume in what follows that A is always positive
definite.

It was shown above that if A is positive definite, then
for materials close to the transition to the spin-ordered
state V,, must have negative eigenvalues. It is easy to
estimate the influence of this effect on the superconduc-
tivity, since in the region of interest tousnear the mag-
netic transition we have y,!< V,, while A < V, accord-
ing to (9). Then

Veer=(xm™'—A) (xm™*—A+V,) = Vo=ym ™' —A. (12)

To obtain a numerical estimate of the coupling con-
stant, we use the expressions for x,' and A in the long-
wavelength limit:

T (0, 0)=N(Es) & Vscr Y=N (Ex) [1 (0, 0)—In(F)—A(F) ],  (13)

where I,, and A are taken in the local -density approxima-
tion (11) and 7, is the effective distance between elec-
trons. Introducing the gain factor a,, =[1-I,#,N(Eg) ]
i.e., the factor by which exchange and correlation in-
crease the spin susceptibility, and noting that (0, 0)
=N(E;), we rewrite (13) in the following more conven-
ient form:

T (0, 0)~1—N (Ex) In(7.) (1+A/ L) =am= [1—A (7)) (an—1)/In(F) 1. (14)

The results of calculating U(0, 0) with formula (14) for
several strongly paramagnetic transition metals are
given in Table I where, because of the nonuniform dis-
tribution of d electrons, we have used 7,/2 or r, for 7,
(r, is the average distance between valence electrons in
the metal). The greatest possible negative value of the
coupling constant U(0, 0)=-A/I,,, which is reached in
the limit ¢, -+ «, is shown in Fig. 2 as a function of
7,. The data show that appreciable electron-electron at-
traction is possible only when 7,2 1.5 and @, 2 10, the
attraction certainly being small in other cases.

It is important to emphasize that according to the
above investigation of the screening process in a nonuni-
form electron gas, there can be electron-electron at-
traction in a paramagnetic material only if the material
is close to the magnetic transition point. The above esti-
mates thus not only demonstrate the possibility of elec-
tron-electron attraction, but also indicate the existence
of a definite limit to the magnitude of the coupling con-
stant in the exciton superconductivity mechanism.

TABLE 1.
Metal L] %m T©,0) (75 =ry) TO,0) (Fy=ry/2)
5 (3] —0028 +0,037
Pd 134 10 [24] —0.456 —0.084
5[] ~0081 +0.024
v 164 10 [#] -0.193 —0.098
Se 232 4 [2] -0.052 +0.047
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3. THE POSSIBILITY OF A STATIC ELECTRON-
ELECTRON ATTRACTION FROM THE POINT OF
VIEW OF THE STABILITY OF SOLIDS

In the preceding section it was shown that for almost
magnetic materials V., has negative eigenvalues. For
such a material actually to exist, it must be stable.
However, it has been stated®” that a solid body must be
unstable if V', ., <0, and the more so if V, <0
(Vior.sr 15 the total screened Coulomb interaction,
which includes not only the screening due to polarization
of the electron subsystem, but also that due to polariza-
tion of the ion subsystem). This question generated live-
ly discussion.?®”% In particular, it was shown?® that ex-
change of transverse phonons leads to negative values of
Viot.s for a number of nontransition metals. A consist-
ent treatment of the stability of uniform systems against
electron-density fluctuations® revealed that this sort of
stability is not determined by the sign of V,, ., or V,,
but by the sign of the electron susceptibility. In this
section we shall generalize the approach of Ref. 30 to
spatially nonuniform systems, and shall use this appro-
ach to show that, while the stability of a solid against
electron- and spin-density fluctuations and the stability
of the crystal lattice do impose certain limitations on the
strength of the electron-electron attraction, these sta-
bilities are by no means determined by the sign of V.

In analyzing the stability conditions we shall start with
the fact that a system will be stable or metastable in a
given state provided that state corresponds to an absol-
ute or relative minimum of the energy. The energy will
be minimum with respect to electron-density variations
provided 8E(n)/ (5n|,,="0 =0 and matrix 62E (n)/6non| nmr
=—x"! is positive definite. The first of these relations
is the condition that the energy have an extremum and
determines the possible equilibrium density #,; the sec-
ond is the condition that the energy extremum be a mini-
mum. It is easy to trace the relation between Vi and
x"! is we rewrite Eq. (6) in the form V., =(-x™*

- Vo)(=x)V,. Making use of the fact that V, is positive
definite, we choose a basis in which both Vv, and x are
diagonal. Then for the s-th eigenvalue we have

Veer o= ("'~ Va.) (—%:) Voo

It is immediately evident from this relation that V< 0
when -x,* < v,,, and that at an instability point V

- - as —x;! -+0. Thus, instability of the system
against electron-density fluctuations imposes no limita-
tions on the strength of the electron-electron attraction.

The analogous conditions for the energy of a param-
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agnet to be minimum with respect to spin-density fluctu-
ations are that 6E/6# |-, vanish and that the matrix

82E/B570% | 7o=Am™"
be positive definite.

The relation between spin instability and the sign of
the eigenvalues of V., has already been thoroughly dis-
cussed in Sec, 2. Here there remains only to note that
the sign of the eigenvalues of V., changes in the param-
agnetic phase before the appearance of spin instability
and that the electron-electron attraction in the param-
agnetic state is limited since for an arbitrary eigenvalue
(say the s-th) we have V., >-(A(V, - A) 1V,),=~-A,.

The lattice instability is the most complicated to treat.
The energy of the system has a minimum for given posi-
tions of the ions provided 6E/6u5 | »=0 =0 and the force
matrix

A*(R—R)) =82E/6u,*6us| u e =0

is positive definite (u, is the displacement vector of the
i-th ion from its equilibrium position). It follows from
the last condition that the squares of the lattice vibra-
tional frequencies, the w3 (k), which are the eigenvalues
of the dynamical matrix, i.e., of the Fourier transform
of the force matrix, must be positive, and the frequen-
cies themselves must be real. If any of the eigenvalues
were negative the corresponding phonon frequencies
would be imaginary, and the crystal lattice would be
destroyed by the exponential growth of the amplitude of
these vibrations.

There is a direct relation® between the dynamical ma-
trix and the ion-ion interaction » (for simplicity we con-
sider only the case of a Bravais lattice):

D (k)= é—z [ (k+G)=(k+G')*v (k+G, k+G')—G*G"*v(G,G’) ],
G,G’
v(k+G, k+G’) =2V, (k+G) 8¢, ¢
+V.u(k+G) x (k+G, k+6) V. (k+G).

The ion-ion interaction will be equal to Z2V, only if
we have V,_,=-2V, for the electron-ion interaction V;
(Z is the valence of the ions and § is the atomic vol-
ume). For ions having filled electron shells, » is more
repulsive since V,;>-ZV, on account of the orthogonal-
ization repulsion of the valence electrons from the re-
gion of the ion core. We note that the lattice stability
depends not only on the ion-ion interaction, but also on
the relative positions of the ions. If we expand v in
eigenfunctions:

v(kHG, k+6) = Y 0./ (k+6) . (k6 v. k),

it is directly evident from the expression

w0 == T [ | 37 e +6)70, 05 6) | @) -

- I Y e w66 |z 2.(0) ] (15)

for the squared frequency of the A-th vibrational mode
that the stability of the lattice is determined not only by
the sign of v,, but also by the vectors G [e, k) is the
polarization vector and M is the ion mass]. It is clear
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from what has been said that there can be no direct rela-
tion between the sign of the eigenvalues of V., and the
stability of the lattice, since the ion-ion interaction al-
most always differs from Z?v , and the phonon frequen-
cies also depend on the structure of the lattice. To make
this discussion specific we shall examine two simple
special cases.

In the “jellium” model the ions are replaced by a uni-
form positively charged medium in which only longitud-
inal vibrations with e(k)|/k are possible. Since in this
case only the term with G =0 remains in the sum over G
and the interaction v is diagonal in the momentum repre-
sentation, we can easily find the vibrational frequency
from Eq. (15):

0*(Q) =0 (Q)/QM.

If we assume that V,,=-2V,, we have v=2%V , and
states with V, (@) <0 turn out to be unstable. If V,,
>-ZV,, however, instability arises when V., <(V,xV,
= VoiXxVe) <0, i.e., an electron-electron attraction not
exceeding a certain strength turns out to be possible.

(16)

Another interesting case is that of the instability of the
lattice against spontaneous collapse, which arises when
the bulk modulus B=Q&E/6Q2 is negative. In the jellium
model, in which V= -ZV,, the bulk modulus is related
to V. by the well known sum rule®’;

B ey [Be=V 3cr (Q=0) m,(Q=0), 1mn

which is a special case of relation (16) (B, is the bulk
modulus of a noninteracting electron gas). Inthis model,
states with V,, (0) < 0 are obviously unstable against
spontaneous collapse.

On passing to real metals, the situation changes bas-
ically. The relation between V. (0) and B can be most
easily traced for the nontransition metals, in which the
valence electrons are almost uniformly distributed in
space and the bulk modulus can be calculated by the
pseudopotential method. The energy per atom of a non-
transition metal can be expressed as a series in powers
of the pseudopotential®:

(18)

Here E 1 is the energy of the system according to the
jellium model, E_, is the Ewald energy, which is due to
the point character of the ion, the energy

E=E g +Eg, +tEO+ED+ ..

jell

EN=Z[V.(Q)+ZV:(Q)]|qwe*

is related to the difference between V,, and ZV,(-1),
and the term E® takes account of the correction to the
energy due to the weak nonuniformity of the electrongas.
The terms E™~V7, with n >3 are small and are usually
dropped. On differentiating Eq. (18) twice with respect
to 2, we obtain

B=B;

jou FBEw ¥BOHBO ..

(19)

It is quite clear that the bulk modulus of a metal differs
from B, . The relative importance of the various
terms in (19) can be judged from Table II, in which cal-
ulation results®® and experimental data are listed for the
alkali metals. The term B‘® is usually considerably
smaller in magnitude than the other terms in (19), and
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TABLE 1.

By /By t| B. (/1B 1 | BViBg, 1| B® B 1B N
Metals Ew/ |Bgw jett’ Ew Ew 1BEw! Biheor! 'BEw | ngp/wEw'
Li ~1.00 040 127 —0.44 053 051+1
Na -1.00 022 1.57 -045 0.64 067+3
K ~1.00 0.06 1.77 -0.08 0.75 0.75%2
Rb -1,00 001 1.82 -0.06 0.77 0.80%5
Cs -1.00 —0.04 1.86 —0.03 0.80 0.83+3

we may neglect it in the first approximation.? We easily
find, using Eq. (17), that for such a “zeroth order mod-
el””?? gpontaneous collapse sets in when

Vyer (0) <— (BEw + B) /By (0). (20)

Depnding on the magnitude of B,, and especially on that
of BV (Bg, =-0.4(47/3)Y32%¢%Q*/3 for close packed
structures), the right-hand side of (20) may be negative
or positive. As is evident from Table II, it is negative
for the alkali metals, i.e., attractive electron-electron
forces are entirely possible as far as stability is con-
cerned. For cesium, for example, according to (17) we
have V.. (0) <0, although B>0. Thus, the nonCoulomb
electron-ion interaction (V,,=-ZV,) and the pointlike

‘character of the ions substantially alter the lattice sta-

bility conditions from those given by the jellium model.
As a consequence of this, the lattice instability does not
set in precisely when V. changes sign, and an attrac-
tive electron-electron force not exceeding a certain mag-
nitude may exist in real materials.

CONCLUSION

Study of static screening in a nonuniform electron gas
shows that for paramagnetic materials close enough to
the transition to the spin-ordered state theinteraction
Vs must have negative eigenvalues. Thiselectron-elec-
tron attraction does not exceed —A in magnitude, and
the coupling constant is of the order of 0.1-0.2. Insta-
bility of the crystal lattice probably also leads to the
same limitations, but the necessary numerical calcula-
tions have not yet been successfully performed. On the
basis of a theoretical treatment in the lowest order in
Vs, therefore, it would seem to be entirely possible to
produce superconductors with comparatively small cou-
pling constants on the basis of the exciton mechanism.

Serious difficulties are encountered in the theory of
nonphonon superconductivity on going beyond the limita-
tions of the weak coupling approximation. The corres-
ponding generalization of the equation for T, is obtained
by replacing the screened Coulomb interaction in Eq. (1)
by a quadrupole that cannot be reduced to two electron
lines. Since the higher order terms in Vs, are not par-
ticularly smaller than in the screened Coulomb interac-
tion, they can not only produce a quantitative change in
the result of the calculation, but can alter the character
of the effective interaction from weakly attractive to re-
pulsive. An indirect indication of this possibility may be
found in the strong effective electron-electron repulsion
obtained for almost magnetic materials on summing
“paramagnon exchange” diagrams.** It should be noted
that the summation carried through in Ref. 34 encompas-
ses only part of the divergent diagrams occurring in the
quadrupole. Two questions that are important for high-
temperature superconductivity—-whether the result of
Ref. 34 will remain valid in a more rigorous treatment,
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and whether it is possible to obtain an effective electron-
electron attraction by taking higher order terms in Vi
into account— are still difficut to answer.

The author thanks E. G. Maksimov for fruitful discus-
sions of the topic of the paper, and I. I. Mazin and G. F.
Zharkov for a number of valuable remarks.

Dpetailed discussions of possible ways of realizing the non-
phonon or, as it is frequently called, the exciton mechanism
of superconductivity will be found in Refs. 3-5.
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