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IS it possible to create superconductors with a ‘“high’’
critical temperature T, 2 80 to 300°K? To obtain an
answer to this question is not only exceptionally impor-
tant for technology, but it is also very interesting from
a physical point of view. The state of the problem of
high-temperature superconductivity up to the beginning
of the year 1968 has already been elucidated in the arti-
cle'!). During the two years which have elapsed since
then no decisive events have occurred—the possibility
of the existence of high-temperature superconductors
has not been proved, and it has not been disproved. At
the same time the approach to this problem and its dis-
cussion has lately become more serious and careful. In
particular, in the fall of 1969 the question of high-tem-
perature superconductivity was discussed at two inter-
national conferences held in the USA. Thus, at a con-
ference on superconductivity at Stanford (August 26—29)
one plenary session was entirely devoted to high-tem-
perature superconductivity. Then there was a sympos-
ium in Honolulu from the 5-th to the 9-th of September
which was devoted to physical and chemical problems
of ““organic superconductors’’ (here high-temperature
superconductivity was actually considered). Participa-
tion in these conferences (the corresponding Proceedings
will be published®’*?) and also acquaintance with new
work have stimulated the author to write the present
article. One can hope that the special timeliness of the
theme justifies the appearance of this article, in spite
of the fact that we cannot answer many questions, and
the discussion is basically qualitative in nature.

1. This is not the place to review the theory of
superconductivity (see'®”!), but nevertheless let us be-
gin with several general remarks pertaining to the
nature of the superconducting state and the dependence
of the critical temperature T, on different parameters.

For the occurrence of superconductivity of electrons
in a metal it is necessary that near the Fermi surface
the conduction electrons must attract one another. As a
result of such an attraction the Fermi distribution for
particles (quasiparticles) existing in the normal state
turns out to be unstable. The point is that in the pres-
ence of an attractive interaction, it is “more favorable’’
for the particles near the Fermi surface to be bound in
pairs, which undergo a process somewhat analogous to
Bose-Einstein condensation. In other words, a gap ap-
pears in the energy spectrum of the system whose
width depends on the temperature and is a maximum
for T = 0. In order to break a pair with the creation of
two quasiparticles, it is necessary to expend an amount
of energy not less than 2A(T), where A(T) is the mini-
mum energy of a single quasiparticle. The critical tem-
perature T is determined from the condition A(T ) = 0,
and in the cases* discussed below it is proportional to
the maximum width of the gap, A(0).

*In particular, we shall not be concerned with gapless supercon-
ductivity (see [®], Chapter VIII).
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Within the framework of the expounded ideas about
the nature of superconductivity which are well-known
at the present time, one can already conclude that the
value of T is determined by the form of a certain
dimensionless ‘‘interaction function’” U(£, £"). This
function, which in the simplest case only depends on the
difference ¢ — £', is a measure of the interaction en-
ergy between the electrons, where attraction corre-
sponds to a minus sign. The arguments £ and £’ are
the energies of the interacting electrons reckoned from
the Fermi surface, which is assumed to be spherical
(the isotropic case); as is well known & = vp(p — pp)
where vg and pp =hqy = mvy are, respectively, the
velocity and momentum at the Fermi boundary (it is
assumed that § < Ep = pJ/2m). As has been stated,
for the appearance of superconductivity it is necessary
that near the Fermi surface, i.e., in the appropriate
range of values of the variable fiw = £ — £’ the condition
U(w) < 0 should be satisfied (see below for a more pre-
cise condition; here and in what follows we usually as-
sume that U = U(¢ — £)).

In order to obtain a specific expression for T, it is
necessary, of course, to specify the form of the function
U(w). In the original version of the Bardeen-Cooper-
Schrieffer theory (BCS) it was assumed that (see below
for more details—especially the passage from Eq. (15)
to Eq. (16))

U(a)=U(0)= —N(0)V = const,

— 0 < 0V W,

U(w)=0, [ o] > w. (1)
In this case (provided that N(0)V < 1)
Tp== (p/ak) A (0) = (2y/m0) (hwo,/k) e~ VOV = | 14 (nogTk) e 1NV ()

where y = eC =1.781 ... (C = 0.577 is Euler’s constant)
and k is the Boltzmann constant; the exact meaning of
the function U(w) and the advisability of writing it in the
form U = —N(0)V will be clear from what follows.

The approximation of the function U(w) by a rectangu-
lar potential ‘““well’’ (see Eq. (1) and Fig. 1a) can be
justified only provided that a similar result is obtained
for an analogous ‘‘well’’ but with rounded edges (see
Fig. 1b). The latter actually holds—for the well shown
in Fig. 1b one obtains a formula of the BCS type

To Qp=te, (3)

where here the approximation of weak coupling is being
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used
g< 1. (4)

In formula (3) the parameter @ characterizes the width
of the ‘“well’’, i.e., the region of attraction for particles
near the Fermi surface; the parameter g is a measure
of the strength of the attraction or, in other words, it
corresponds to the depth of the well (in the model des-
cribed by Eqgs. (1) it is obvious that ® = 1.14 hw./k and
g = N(0O)V). ‘

First of all, one can formulate the problem of high-
temperature superconductivity (and it appears to us to
be convenient to do so) within the framework of the
ideas of the BCS theory and formula (3) corresponding
to it. Such an approach was used in article (e , and for
convenience the corresponding considerations will now
be briefly repeated.

Under conditions when the attraction between the
electrons is due to their interaction with the lattice
vibrations (i.e., with the phonons), the frequency we in
Eq. (1) is of the order of the highest phonon frequency
Wph ~ kO p/h, where @ is the Debye temperature. By
the same token it is clear that for the phonon mechan-
ism of superconductivity (the attraction between the
electrons is due to their interaction with phonons or,
more specifically, is a result of an exchange of phonons)
in the BCS formula (3)

© ~ 0, (phonon mechanism of superconductivity). (5)

The Debye temperature @ p usually does not exceed a
few hundred degrees. By the same token it becomes
clear that for phonon superconductivity, especially in
the weak-coupling approximation (4), the values of T,
should not exceed a few tens of degrees (at present the
known values of T, do not exceed 21°K). In order to ob-
tain more accurate estimates of T, it is necessary to
go outside the framework of the original BCS theory, to
take into consideration the specific nature of the spec-
trum, to reject the limitation (4) of weak coupling, etc.
All of this has recently been done (although also involv-
ing the use of a series of approximations)®?’*'*) and it
confirms the conclusion that for the phonon mechanism
of superconductivity in general

7. < 40°K (phonon mechanism of superconductivity). (6)

To be sure, the estimate (6) remains somewhat condi-
tional, since it is based on an examination of metals
with known parameters and cannot be applied directly
to all hypothetical cases. The latter is already clear in
the example of the calculations for metallic hydrogen,
leading to values T, ~ 30 to 300°K (see below, and
also'!! and the literature cited there; we note that for
metallic hydrogen ep~ 3.5 X 10°°K and, consequently,
in this case one also has T, < @p). Nevertheless, in
accordance with what has been said one can regard the
existence of restrictions of the type (6) as sufficiently
reliably established since metallic hydrogen and its
possible alloys possessing conjectured high values of
T, are a well-known exception; in addition, it is proba-
ble that they exist in a stable state only under very high
pressures.

Comparing the estimate (6) with the maximal value
T, ®~ 21°K which has been achieved, one can assume
that the possibilities of the phonon mechanism have
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still not been exhausted. At the same time, even the de-
velopment of materials having a critical temperature
T~ 25 to 30°K would probably be of great practical
value—it would permit one to widely use liquid hydrogen
in place of the more expensive and less-available liquid
helium (stockpiles of hydrogen are practically unlimi-
ted; helium, however, is far from being available every-
where).* By the same token there is no doubt of the ap-
propriateness of a further search for superconductors
with higher values of T along the traditional path of
obtaining new compounds and alloys.“” But, on the
other hand, in this way and moreover within the frame-
work of using only a phonon mechanism besides, it is
rather difficult to expect to actually create high-tem-
perature superconductors with T, 2 80°K.

If we confine our attention to a very general formula-
tion, then in order to create high-temperature super-
conductors at the present time we can indicate only one
path—the use of an exciton mechanism of superconduc-
tivity. Here and in what follows, by excitons we mean
excitons of the electron type, i.e., excitations (waves,
quasiparticles) which are basically associated with the
motion of electrons (for more details see'’***!), En-
ergies 2o ~ 1 to 10 eV are characteristic for such
excitons, which correspond to a temperature ®¢
=hQe/k ~ 10° to 10°°K. If the attraction between the
conduction electrons is due to an exchange of excitons
(instead of phonon exchange), then within the framework
of the BCS theory (see (1)) the maximum frequency
w ~ 2, and in formula (3)

0 ~ 0,=1Q,/k (exciton mechanism of superconductivity).

From here one can arrive at a high critical tempera-(
ture even under the weak- coupling conditions (4). For
example, for &g = 10* and g = 1/4 (such values of g are
quite reasonable for a phonon mechanism) according to
formula (3) T, = 180°K.

Thus, a high critical temperature can be reached
within the framework of the BCS model provided that a
selection of parameters of the following type can be
realized:

0, = 1Q/k ~ 10°K, g3 1/5 - 1/4. (8)

To answer the question about the admissibility of values
of the type (8) is more difficult since the BCS model
itself, being based on the approximation (1) or even on a
somewhat more general approximation (see Fig. 1b and
formula (3)), is extremely schematic and incomplete in
two respects. In the first place, within its framework
the dependence of T, on the form of the function U(w)
remains an open question, and also the exact meaning
of this function remains an open question. In the second
place the relation between the function U(w) and the
characteristics of the metal such as the phonon or ex-
citon spectra, electron concentration, etc. remain unex-
plained. Specificially, in the case of an exciton mechan-
ism the use of the BCS approximation (1) is equivalent to
an assumption about the presence of an effective attrac-

*Under atmospheric pressure liquid hydrogen boils at Ty, = 20.3°K
and melts at Ty, = 14.0°K. It is not convenient to use liquid hydrogen
as a coolant for T < T}, owing to the need to operate under reduced
pressure and the associated increased danger of the formation of a
detonating mixture.
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tion between the electrons within all of an extremely
wide band near the Fermi boundary (the width of the
band, 2fiw, ~ 2hQ,, is of the order of one or even
several electron volts). Is such an assumption per-
missible ? Such a question is more urgent since in arti-
cle’®? a conclusion was reached about the non-effective
nature of the exciton mechanism just as a result of a
more detailed, one would think, consideration of the
interaction between electrons for all frequencies

w g Qe-

In order to clarify the dependence of T on the na-
ture of the interaction between electrons it is necessary
to dwell in more detail on certain aspects of the theory
of superconductivity. In this connection, on the one hand
even a very concise account, not containing any proofs,
turns out to be cumbersome and possibly difficult to
understand for a number of readers. On the other hand,
in general the results are simple and for an extremely
broad number of cases reduce in considerable measure
to establishing the feasibility of using the BCS approxi-
mation for a series of qualitative discussions and for
estimates of T,.

Taking what has been said into account, the following
discussion is constructed in such a way that the reader
may, according to his wishes, only skim or even omit
Secs. 2 and 3 of the article which follow below. More-
over, a recapitulation is given at the beginning of Sec.
4—this briefly states the basic conclusions which we
have reached in Secs. 2 and 3.

2.* Let us consider two electrons with momenta p
and —p, respectively, which are found near the Fermi
surface. As a result of the interaction (collisions) the
momenta of the electrons change and take certain values
p' =p-hqand ~p’ = —p +hq. The matrix element of the
interaction energy V(p, p’) is a measure of the interac-
tion (collision probability). In the case of the Coulomb
interaction of electrons in vacuum V(p, p’) = 4me®/q°.
The presence of other electrons and a lattice modifies
the interaction, and it generally becomes anisotropic and
inelastic. Assuming, nevertheless, the interaction to be
isotropic, independent of the position of the electrons
(homogeneity), and effective only near the Fermi sur-
face, one can set

Vip. p)=V (o, 9) hq=p—p',  ho=E—F, E=ve(p—ps).

Under such conditions it is convenient to write V in the
form

Vo, q)=4me?/geue (0, q). 9)
As long as the meaning of the function egge(w, q) is not
disclosed, expression (9) only represents a convenient
form of notation since the interaction of electrons in
vacuum corresponds to the value €ggr = 1. Further, the
potential ¢ of the electric field created by charges with
a density p in a medium with a dielectric constant €(w)
obeys the equation V¢ = —47p(w)/€(w). However, if
spatial dispersion also exists then for the Fourier com-

*In writing Secs. 2 and 3, the author has extensively made use of
advice from D. A. Kirzhnits and the results of his article [2°], and also
the results of the article by D. A. Kirzhnits, E. G, Maksimov, and D. 1.
Khomskii. [*?] I wish to take this opportunity to express my gratitude
to D. A. Kirzhnits, E. G. Maksimov, and D. I. Khomskil for discussions
and to L. V. Keldysh for comments made upon reading the manuscript.
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ponents ¢(w, q) and p(w, q) we have the relation ¢(w, q)
and p(w, q) have the relation ¢(w, q) = 47

= 4np(w, q)/q’e(w, q); here €(w, q) is the dielectric
constant connecting the electric displacement D = €E

in the medium and the longitudinal electric field of the
type E = Ecexpi(q-r — wt), Eq = Ecq/q. If the difference
between the macroscopic field and the actual (effective)
field is neglected (see, for example,'"? Sec. 28), and
also if the influence of the static periodic field on the
motion of the electrons in a metal*'®’ is not taken into
account, then the interaction energy between two elec-
trons is given by expression (9) with e ¢r = €(w, q).
Thus, the dielectric constant €¢(w, q) appears in a cer-
tain approximation in (9), and this makes the meaning
of the quantity V(w, q) clearer and more familiar.

In what follows the fundamental problem of calculat-
ing the dielectric constant €g¢r(w, q) on the basis of data
concerning the structure of a metal, the composition of
the atoms forming it, etc. will not actually be discussed.
Instead of this, only simple model expressions for
€off(w, q) will be used for the purpose of establishing
the dependence of the temperature T, on the form of the
function €q¢(w, q)- Within the framework of such a
treatment (it is obvious that this treatment is, by its
very nature, extremely limited) the question of the dis-
tinction between € ¢ and € does not have any particular
significance, and below for simplicity we shall write
expression (9) in the form

(92)

The quantity described by expressions (9) and (9a) is,
s0 to speak, the initial interaction. The interaction func-
tion U appearing above is obtained from V as the result
of a series of operations and, in particular, as a result
of averaging over the Fermi surface. In the simplest
case, which is widely used in the literature ' %,,19,20]
the function U is simply the averaged value* V(w, q)
= V multiplied by the density of states N(0) at the
Fermi surface, where

N (0)==(1/2) (dn/dE), = mqy/2m2h*,
Ep=h*gji2m,

Vo, q) =4ne*q* (o, q).

(10)

n=q}/3n?, P == liqp=muvg.

Thus, in the approximation being discussed just now
25

U=Up(w)=N(0)V=a S dg

G lw, )’

(11
[0y vF

where iw = £ — £’ and the parameter ¢ for a free elec-

tron gas (see Eq. (10)) can be expressed in terms of the

electron concentration n:

. 1,3 1.
o = e2hvp = e?m/nk3qy = e2m/(3n2) Suhznll,

(12)

The parameter a has the meaning of the ratio (to within
a small numerical factor) of the average energy e°/T

= e2n"'” of the Coulomb interaction between the elec-
trons to their kinetic energy at the Fermi surface,

Ep = %q%/2m = (37%*"42n*"*/2m. In ordinary metals
a ~ 1, and in strongly compressed matter o < 1.

*The topic of discussion is the average value

=52y :
+1 B ~4p
- 1 S 4re2 d cos f) S‘ fe2dg?  2me? dg
=3 eelw, ¢ ) hhete(o, 9) 4 7o, )
—1 (p-p‘ 2 o),r’vF
R

dmin==(p—p)h =o/vp,

K292 = p2-1- p'2—2pp’ cos B, Imax = 29F
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With the appearance of superconductivity, a gap A
appears in the spectrum of the electrons (of their exci-
tations), where the energy of an electron is given by

Ssl A? (Ev T)"\" ';2’ (13)

The equation which determines the gap A(¢, T) is funda-
mental in the microscopic theory of superconductivity.
In case (11) this equation has the form "

o

E=vi(p—pr)-

” Ly Naqe oy R IVETET T Eenr] .,

B =— | UsE—ENAE, T) o e s IR el ger (]
Me )= —g | BE—EIAE. T) =orn L ay'. (1)
The critical temperature T, is determined from (14) as
the condition for the appearance of a nontrivial solution
for A. Since A(£, T.) = 0 the equation

—

e
foe—a@. 1

— o0

A T)= —

5 < g, (15)

th (8'/2kT,
—
serves for the determination of T.. In order to obtain
the BCS formula (2), in Eqs. (14) and (15) it is neces-
sary to use the BCS approximation (1) for the function
Uo. In this approximation the gap A for £, £’ <hw,
turns out to be independent of £ (this is confirmed by

the result), and therefore the widely known equations

for A(0) = A(£, T=0) = A(§ =0, T =0) and for the tem-
perature T at which A(T¢) = 0 are immediately obtained
from Egs. (14) and (15):

1
2

hwe hoe

Nov § ao 95 ;N(O)VS
[}

A(0)— < th(ze-) =1
(16)

Formula (2) is obtained from (16) by elementary
methods (more precisely, a somewhat more general re-
sult is obtained which goes over into (2) in the weak-
coupling approximation, N(O)V < 1; see'®™))

If certain plausible expressions are given for the
dielectric constant €(w, q) and then the function Up(w)
is calculated, then dependences are obtained which are,
on the whole, quite different from the BCS approxima-
tion (1). What has been said will be illustrated below
(it is sufficient to compare Fig. 1 with Figs. 4 and 6).

It is precisely with this property that apprehension is
connected—apprehension that the BCS approximation
may not bear any relation to reality, especially in con-
nection with the transition to the case of high-tempera-
ture superconductivity when the BCS ‘“well”’ (see Fig. 1)
must be regarded as very broad.

Such apprehension, however, is not warranted or at
any rate the BCS approximation is much better than it
may appear to be at first glance. This conclusion is
not new and is first of all associated with a fact that has
been known for a long time—the ‘‘suppression’’ of the
role of Coulomb repulsion in the theory of superconduc-
tivity (see!*® and also, for example,® | p. 128).

The point is that the interaction V, and as a conse-
quence also U, usually may be regarded as the sum of
two terms corresponding to a screened Coulomb repul-
sion (the term V) and a phonon or exciton attraction
(the term V,). To a rather good approximation

VIO @2

—hag

Velo, g)="4ne*/(g* -2, o< op=Ed/h;

(17)

here « is the screening parameter and is defined more
precisely below. The independence of V, on w (actually
the question concerns a weak dependence so long as

w < wy) is associated with the instantaneous nature of

the Coulomb interaction and at the same time with the
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rapid response of the screening for frequencies w < wp
(the screening is associated with the motion of the elec-
trons, which traverse the average distance n™** ~ aF
between them during a time 75 ~ 1/vpqp ~ #/Ep
= 1/wp; therefore, for frequencies w < wy the screen-
ing can take place during a time appreciably smaller
than the period 7 = 27/w). As to the part V,(w, q), it
corresponds to an attraction (i.e., V, < 0) within a cer-
tain range of frequencies w, < wp; at the same time
the role of the interaction V, is unimportant for w > we.
By the same token the term V, is qualitatively given
by the BCS approximation (see Eq. (1) and Fig. 1).

By virtue of what has been said, the total interaction
V = V¢ + V, corresponds to a function U, which, to a
very rough approximation, has the form (Fig. 2a)

Ty=UctUs=N(0)V,4 N (0)V,;
V.=C>0, o<op V.=0, 0>y (18)

Vo=0<<0, o<, € 0p; Vo=0, 0>

For C; ~ |C:| the difference between the function (18)
and the function (1) is radical and, for example, for

C. > |C:| there is no attraction at any single frequency.
But in the integral equation (15) the contributions from
U¢ and U, under the condition w, < wg turn out to be
quite different due to the nonidentical frequency depen-
dences of these terms (for the corresponding contribu-
tions, see'®!, pp. 128—131). Namely, the role of the
Coulomb term is suppressed, and it is necessary to
compare not Uy with Ug, but Uy with

U, = U1 + U, In (wglo)]. (19)

It is obvious that for Ucln(wp/wc) >> 1 the quantity
Uc.® 1/In(wp/w) < 1. The total effective interaction
is given by

Upy=U, + U1 + U, In(0p/a0)], o << 0,

U,=0,

and it may be close to U, even for U, ~ |U,|, as is
illustrated by Fig. 2b.

The obtained result, which above has been rather
arbitrarily called the effect of the suppression of the
Coulomb interaction, indicates that in the region of
large frequencies (far from the Fermi surface) even a
positive interaction (Uo{w) > 0) is not dangerous. And
what is more, superconductivity may occur even in that
case when the function Us(w) is everywhere positive but
close to zero near the Fermi boundary (Fig. 3). Such a
result®*’—the independence of T, on the sign of the
interaction function Ug(w) far away from the Fermi
boundary--at first glance appears to be paradoxical.

In fact the inequality V(w, q) > 0 which leads to the
inequality Uo(w) > 0 means that the corresponding
Fourier component of the interaction energy of two
electrons corresponds to a repulsion; superconductiv-

(20)

® > 0,

A
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ity, however, is due to an attraction between the elec-
trons. The paradox is resolved if it is taken into con-
sideration that in the case being discussed (Fig. 3) the
electrons are attracted but not repelled. The point is
that the assumption concerning the absence of any inter-
action at the Fermi boundary itself and in its immediate
neighborhood leads to the appearance of an interaction
only in the second-order approximation of perturbation
theory. Under such conditions the perturbation energy
for the ground state is always negative (attraction) quite
independently of the sign of the perturbation V (we re-
call the standard formula of quantum-mechanical per-
turbation theory,

N2, ’ Vnm 2

B =3 e
from which we always obtain E;?’ < 0 for the ground
state E”’ = 0). In terms of the physws one can say that
for U(w = (£ — £')/0 =0) = 0 in order for their interac-
tions to appear the particles must first be virtually
displaced from the Fermi boundary by a certain dis-
tance to a place where an interaction exists; only after
this do the particles interact among themselves, where
the interaction energy turns out to now be proportional
to |[V[® and to always be negative.

Equation (15) not only correctly takes account of the
effect of ‘“suppression’ of the Coulomb interaction, but
a general analysis of this equation also turns out to be
very fruitful. At the same time the utilization of Eqs.
(14)—(15) is not always possible: for a wide class of
functions Up(w) it is inconsistent, and in certain other
cases it leads to erroneous results. Thus, according
to a general theorem for an equilibrium system
€(w =0, q) = 0 (see, for example,"**?). But this means
that the function Uy(w), defined according to Eq. (11),
cannot be negative at w = 0; meanwhile for the BCS ap-
proximation (1) one has just Up(0) < 0. On the other
hand for functions Ug{w) of a more complicated type, for
example, having a resonance character (see Fig. 4 and
Fig. 6), the utilization of Eq. (15) not only turns out to
be inconsistent but it may also lead to incorrect results.
This is indicated by a detailed derivation'’”*!*%! of the
equation for the superconducting gap A(§, T), taking
into consideration the frequency and spatial dispersion
(i.e., the dependence of € on w and q), and also taking
damping into account (the presence of an imaginary part
in €).

At the present stage the most exact theory of super-
conductivity, which is expounded and used in the arti-
cles'® 102121 and in the book'", is extremely compli-
cated and cumbersome. Here there is not any possibility
to dwell on this theory in any amount of detail, and we
shall limit ourselves to only a few remarks.

One can see the main result of the theory in the fact
that the superconducting gap A(£, T) and the tempera-
ture T, are not determined by the quantity

"k
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V = 4r1e’/q’¢(w, q) (or, what is the same thing, by the
dielectric constant €(w, q)), but by some other function
Veft(w, q). What has been said holds in spite of the fact
that the question involves the isotropic and homogene-
ous approximation, when the scattering of electrons on
one another is exactly described by the matrix element
V{w, q).

With the aid of dispersion relations (see, for exam-
ple,!1*2181y the real and imaginary parts of € or 1/¢
can be expressed one in terms of the other. In particu-
lar,

Re[ s3] ="

Im [1°¢ (0, )] do’
o —

feo

2 ¢ o Im (176 (0, 9] da’
— 1L 24 ekl St el A1 Sl
=11 n & S W2 w2 !

(21)

0

where the symbol # means that the integral is to be
evaluated in the sense of a principal value, and the con-
version to an integration from 0 to « is possible by vir-
tue of an assumption about the validity of the condition
€(w, q) = €¥(~w, q). As it turns out the quantity Vuge
which appears in the theory in place of V has the form*

Var(o, ) =57 (1—2 [ 200 g0 g~ Lin [t
’ (22)
For an equilibrium system the function p = 0 (the func-

tion p is proportional to the electrical conductivity or
to a quantity equivalent to it). Taking into consideration
the fact that

1 _ 1 1 1
0T —02 20 (m—r(u’ﬁw—(;’) '

from (21) and (22) we arrive at the following conclusion:
not Re (1/¢€) and not 1/¢ but the nonresonant quantity

e () e fa

enters into V

The replacement of V by Vg¢s in the equations of the
theory of superconductivity is associated with the fact
that superconductivity does not reduce to the scattering
of two electrons on each other with the exchange of ex-
citations (it is precisely this last process which is
described by the matrix element V = 47e®/q€). The
following equation now serves for the determination of
the critical temperature T :

pde’ [ pdo’
O—o' w4

A

{ vt o) ]

- 00

/’AT)

D~y Ay (23)

which agrees in form with Eq. (15) but is written for
the function ¢ which differs from the gap A (this prop-
erty is not essential for the determination of T.), and
instead of Us(£ — £') it contains a function Ueff(ﬁ £
of the two variables £ and &', In this connection

*Formally one might say that (22) reduces to the quantity (9) with
a certain value eqff(w, q). However, in case (9) one had in mind a
change from € to eqff at the expense of, for example, taking account
of the difference between the effective field and the average field. Now
it is assumed that the scattering of electrons is determined by the quan-
tities (9) and (9a) where ¢ has the usual meaning, but the supercon-
ducting gap turns out to depend on the function (22) but not on the
function described by Eqgs. (9) or (9a).
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uE, §)=a %, v(E Ey=a pla’, q)%q . (24)

1t /mog [E=51/m0p

Ut (6 ) = N (0) Ve = u 8, 3)—2 | i L
Il

In virtue of the nearness (and in a certain sense
even the identity) of Eqs. (15) and (23) the conclusion
about the ‘‘suppression’ of the Coulomb interaction (an
interaction with a broad frequency spectrum) is also
completely preserved in the exact theory. The replace-
ment of the interaction function Uog(¢ — ¢’), which is
capable of having resonances (see the following Section),
by the smoothed-out function Uge(£, £°) is new. Here
the function Uggs may be negative for & = &' =0 without
violating the condition €(0, q) = 0. Any consistent cal-
culation or even an estimate of T, for a given dielectric
constant €(w, q) is possible only on the basis of expres-
sions (22)—(24).

In concluding the present section, in order to avoid
confusion let us compare some of the functions intro-
duced above in the form of a Table (the function Uggs,
which is used below, is also cited):

Explanation (

Function Formula
. 4me? § Determines the scattering of two electrons exchanging
Vo, g=: el D (9a), (9) momentum hq and energy heo=£- £,
. 72 This quantity is equal to the product of the density
= 1
Upl)=N OV an of states N(0) times the average (with respect to q)
value V of the function V(w, q). It appears in Eqs.
(14) and (15).
U 0 (@) 20) An approximation of the function Ugy(w), taking
’ into account the effect of suppression of the
Coulomb interaction.
Vet (@, q) (22) The effective interaction appearing in a consistent

theory of superconductivity,

Upp (B, ") =N (0) Vogy (24) The interaction function appearing in the integral
equation (23), which serves for the determination
of T. It is the analog of the function Up(w).

Uert (8, &) (31) An approximation of the function Uggr(£, £1). It is
an analog of the function Uo(w) appearing in the
approximate theory.

All of the interaction functions Uo, Uo, Uggy, and Uggg
determine the critical temperature T, with the aid, in
fact, of one and the same integral equation (see Egs.
(15), (23), and (31)). The transition from U, to U, or
from Uggs to 'f'Jeff corresponds to taking account of the
effect of suppression of the Coulomb interaction by
means of replacing the integration up to the frequency
wF by an integration up to a certain frequency we < wy
(see Egs. (20) and (31) and the explanations given for
these formulas). Finally, the difference between U, and
Uegs consists in the fact that they are expressed in a
different way in terms of the longitudinal dielectric
constant €(w, q) which, in the approximation discussed
by us (isotropy, homogeneity) determines the initial
interaction between the electrons. In those cases when
the interaction function U(w) is given ‘““by hand’’, as
was done in the original BCS theory and in a whole
number of subsequent articles, it is obvious that the
question of the difference between U, and Ug¢s does not
arise.

3. In the theory of superconductivity, the ‘‘jellium”’
model is quite often used in the form of an exam-

ple;'®18:20:22) ip this model
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&0, 9) =14 (x*g%) — (of/0*); (25)

here w;j = v4ne’Z*n;/M = V4ne?’Zn/M is the plasma fre-
quency for the ions (the charge of an ion is eZ, the ion
mass is M, the concentration of ions n;, and the con-
centration of electrons n = Zn;) and «* = 6re’n/Ep
= 4e2mqp/1r‘h2 (1/x denotes the screening radius).
Expression (25) is valid only for w < qvg and upon
neglect of damping (for a more general expression,
see!’®22]y  por the ““jellium’’ model described by Eq.
(25) one has

4rie2 4162

mz
— q
gelo, ) P+x? (1+m2~w;‘;) ’

Vo, 9) = (26)
where wq denotes the frequency of the longitudinal
waves which can be propagated in a medium with dielec-
tric constant (25); as is well known the frequency of

the longitudinal waves satisfies the condition €(wq» q)

= 0, and therefore

wp = oig/(g -+ %?),

Substituting (26) into (11) we obtain the ‘““interaction
function’’

& (wg, g)=0. 27)

o 1 1
Uy () = ey o [ 1% (1= <) |
w? o2
vi= w% ’ :nfurF N (28)

A graph of the function (28) is shown in Fig. 4. For the
‘‘jellium”’ model it is obvious that Uy(0) = 0. Inthe case
of weak coupling, o < 1, a calculation based on Eq.

(15) leads to the result®°!

8
e

ne

Tcz%a—r}%exp(— +%__b_.)~qh—2'fiexp(» 8)' (29)

2o

The function Ugss(£, £ '), determined according to Eq.
(24) for the ‘‘jellium’’ model, has the form

Var (8 &)= %n (L) (2 v L, v L
It is characteristic that whereas the function Ug(w)
possesses a resonance (see Fig. 4) the function
Ues(£, &) smoothly depends on its arguments. It is
obvious that this fact is a consequence of the already
noted property—expressions (22) and (24) only depend
on the nonresonant part of the function 1/€. Investiga-
tion of Eq. (23) reveals the effect of suppression of the
interaction for large values of £ (this would also be
expected in connection with the relationship between
Eqgs. (15) and (23)). Formally this ‘‘suppression’’ re-
duces to the fact that Eq. (23) is replaced by the follow-
ing:

54)

O@E) =~ | T & 81O E)

0

th (g'zszc) e’

(31)
where

USHE E0) USH (Bos €) In (Ep/Eo)
14 UL} (Eo. E0) In (Ex/Eg)
Uf;f)f (g, gl) — Uets (5, E')+2Uerr (5, —¢) i

Uerr (£, E)=UG (&, &) —

)

In connection with the change from (23) to (31) it is
assumed that the rapidly changing part Uggys (if it exists)
is concentrated in the range of values £ =< £,, but then
Uggs changes slowly in the region between £, and the
Fermi energy Ep >>> §, (more precisely, an energy

t ~ Ep occurs instead of Eg, but within the framework
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of the accuracy being used this is not important). It is
obvigus that the function Uggs plays the role of the func-
tion U, used in Sec. 2 (see Eq. (20); in accordance with
what was asserted in (31) the integration is carried out
up to £o, which is equlvalent to an integration up to «
with Ueff =0 for £ > &y).

For “jellium’’ £, ~ fiwj and the function Ueff has the
form

- o 1 1
U (v, ¥') = - In (7) T vy’
|

(32)

T hw; ! ®;

The functions Ugge(v, v y and Ueff(v V') for “jellium”
(formulas (30) and (32)) are shown in Fig. 5 for v = o’
and for o = 1/4. Both the difference between Uggy and
Ueff’ as well as their difference from the function Uy(v),
are striking for the same ‘‘jellium’’ model (see Eq.
(28)). It is natural, therefore, that according to Egs.
(31) and (32) an expression is obtained for T, which in
general differs substantially from (29). Namely, for the
‘‘jellium’’ model characterized by Eq. (25) we finally
obtain'???

T Bttt g = e T B (33)
It
(@/2) In (1/a) In (E w/hen;) = o In (1/) In (M/mZa) > 1, (34)
then
Te ~ (hoy/k)ye—2/an (1/0), (35)

Assuming M/mZ ~ 10* we see that condition (34) may

in practice be assumed to be fulfilled for ¢ > 1/10 to
1/5, i.e., in the region which is of most interest from
the point of view of any applications (in the opposite

case the temperature T, is very small). Formula (25)

is used in article*!! in order to estimate T, for strongly
compressed, completely ionized matter. According to
(35) for this case

22F
Z{’If

V4%
17 V-4 .;" 4‘1/
]

—ary [
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1/3,1/3
8,7(Z/A)"p } , (36)

~ 40 1/2
T 10( )p exP{ In [4,35 (2 A4)1/3p1/3

where p ~ AMyn; is the density of matter in g/cm®
(A denotes the atomic weight, Mp is the proton mass)
and

2 1,3
e mMp

(3n2)V3ane

o — e2m _
T aan)Banepl/d T

() ve-0zm () e

For metallic hydrogen at a density of p = 1.1 g/em?,
when this phase becomes stable (see''*! and the litera-
ture cited there), o ~ 0.23, w; ~ 10", and according to
Eq. (36) T, ~ 25°K. However, if the calculation is
based on formula (29) then for p = 1.1 the temperature
T, ~ 80°K. The feasibility of using formula (36) in or-
der to estimate T, in the case of metallic hydrogen for
p ~ 1 remains, of course, unclear. Probably the esti-
mate T, ~ 300°K cited in article'®? is more reliable.

Expression (35) is found to be in agreement with the
BCS formulas (2) and (3) if one sets w, ~ wj or
® ~*hwj/k, and also if the value of U ¢f 1s estimated on
the basis of expression (26) with neglect of that part of
it which corresponds to Coulomb repulsion (in_connec-
tion with such an estxmate as we saw earlier Uger
~ (~41e*/Q%)N(0) ~

Now let us turn our attention to a model which we
shall call a generalized model of ‘‘jellium’’. In this
model, which was used earlier in article!'®’, the dielec-
tric constant is given by

w2 o | Q2(ep—1)
e{w, ¢)=1- e T T,

(37)
Expression (37) corresponds to a situation when oscilla~-
tors with an eigenfrequency Q are also present in the
medium described by the usual “‘jellium’’ model (25);

if the medium only consisted of these oscillators then
its dielectric constant would be equal to

Q% (g0 —1)
Qz_gz ’

osc(®) =1+

where €ggc(0) = €. It is important to emphasize that by
choosing in (37) a sufficiently high electronic frequency
0 > wj as the quantity O, we obtain exactly the model
of a medium for which one can expect the appearance
of high values of T,.

In article™ the model (37) was considered within
the framework of the approximation (14) and (15), and
in this connection the unfavorable conclusion was
reached that for large values of  one always has
T. < fiwj/k, i.e., a high critical temperature is not
attained. Such a conclusion, however, is erroneous even
if we remain within the limits of the approximation (14),
(15).

Substituting (37) into (11) we obtain

aln

gg—1
92\;2 +10_v2)
o} —1
2 (1_ Q2 +1€D_v2)
In connection with the transition to (38), an assumption
was made which amounts to using the condition
€Q® < wj, where we = vare’n/m = Vae’q},/3rm
= V16a,/3 (EF/4) = 5.6 x 10* vn sec™ is the electron

plasma frequency. In addition, we are only interested
in the case when

1
I+ (1 ., ol
» ViEgE

Up(v)= (38)
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Qs al. (39)

Upon fulfillment of the last condition one can hope to
obtain a better approximation by setting w; = 0 in Eq.
(38), i.e., by using the expression

o (1 —v2)
P Pyy—— In

g —v2
o (1—~2) |

Ug (v) (40)

14

A graph of the function (40) is shown in Fig. 6. Provided
that

@<, (41)

the functions (28) and (40) practically coincide if one
only replaces v in (38) by v’ = Ve, v. One can see, both
from this remark and also directly, that for the gener-
alized model of ‘‘jellium’’ under conditions (41) the
following estimate is obtained from formula (29):

g > 1,

To~ oV o (hQUk) e=8/m2x,
g>»1, ag 1.

A more accurate calculation, performed by D. A.
Kirzhnits by starting directly from expression (38)
under the condition (41) leads to formula (29) with the
replacement of wj by Ve,f2. By the same token, of
course, the estimate (42) is verified. According to Eqs
(42), for ave, ~ 1 the temperature T, ~ (hQ/kje~ 87
and may be large for a sufficiently large (electronic)
frequency Q. Therefore, the assertion made in' ig
disproved. It was a consequence of an incorrect solution
of the integral equation (15) for the case (37).

At the same time, for the generalized model of
¢“‘jellium’’ (37), as for the usual model of ‘‘jellium”’
(25), Eq. {15) with the utilization of the function U,
defined according to (11) in general cannot serve for
the determination of T, or even for an estimate of T.
The reason for this has already been indicated—it lies
in the resonant nature of the function U, for the
‘‘jellium’’ model (see Egs. (28) and (38)), which must
be replaced by the ‘‘smoothed’’ interaction function
Uegs (see Eq. (24)). As a result the estimate (35) is
valid for the ‘‘jellium’’ model instead of (29), but for
the generalized model of ‘‘jellium’’ the more exact
formula

(42)

~ (FVeQk) e=io,  a~1. (43)
is valid instead of (42).

Let us discuss the derivation of this formula (with a
more precise definition of the constant a) and the gen~
eralized model of ‘‘jellium’’ itself in somewhat more
detail. First of all let us determine the spectrum of the

longitudinal waves which can be propagated in a medium

S0/

4
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with dielectric constant (37). The frequencies wq of
these waves are determined from the condition

02 (60——1) —q. (44)

—og

& (g, )*’1*_—"‘“‘“

The solution of the dispersion equation (44) is as fol-
lows:

. (o +x0) Q24 ole? = )/ Tleog? T #2) 2 — ol 1 & (o 1T) 03024
@a= 2@+ %) :

(45)

Provided that Q° >> w} (see Eq. (39)) we obtain two ap-
proximate solutions:

2 2 m§q2
Wg- = Oy, pl.—w 'Y (46)
0k = 02 (9) = (80g® + #2) /(g2 + w2). (47)

Of course, the solutions (46) and (47) are obtained im-
mediately from (44) if one seeks the frequencies w?
which are, respectively, much smaller than ° or
much larger than wj. The solution (46) represents the
phonon branch of the excitation spectrum; it differs
from the spectrum (27) due to the fact that for the gen-
eralized model of ‘‘jellium” at small frequencies

& =gy (%%/¢%) — (0} 0?)

in contrast to expression (25). The spectrum (47) repre-
sents the spectrum of longitudinal excitons, where the
values of q of interest to us lie between q ~ 0 and

q = 2qp (see Eq. (24)). It is obvious that

Q(0)=12, =V + o)1 + )€, (48)

where the relation k* = @(2qp)° has been taken into ac-
count.
In the case (41)

Q. (2g5) ~ Vagl gy 1, agt.

Q2 (2q5)

(49)

It is precisely the frequency ,(2qg) of the short wave-
length excitons which determines the exciton contribu-
tion to the interaction between the electrons and,
specifically, the value of T, depends on this frequency.
In order to estimate T let us write down the interaction
V for the model (37):

4re? 4me? wfg? (42 + %2) (e0q% 4 %2)~1
Vie, = e @y wE { + of—e? o
(g9 —1) Q%2 (g2 x2)-1
+ 02— (q) } : (50)

Upon averaging over angles, in order of magnitude
V(w) ~ V(w, 2qp); then a(2qp ) = K , and therefore for
o < 1 one can replace (ZqF)2 + k% by (ZqF) which in
order of magnitude is permissible even for a < 1.
Taking what has been said into account, one can set
(see Egs. (46) and (47))

Wq, ph = O/ VCTp Qe:Qe (2QF)= Vgg (51)
in the expression for V. As a result
T w3/ed (8g—1)Q2 Y .
=Ve {1 + ®2— (w/eg) + mg——eom } ! (52)

here V. is the value of the Coulomb interaction

Ve= 4r/(q® + k%) averaged with respect to q (of course,
Ve © 41re2/qF but since the quantity V, appears as a
common factor, it is more convenient and more accur-
ate to introduce V as a parameter). According to the
results of the theory of superconductivity indicated
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earlier, one can estimate T, by using an interaction
function U or Uggs of the following form (also see
Fig. 7):

U=Us+Upi+Ue, Ue=N(0)Ve, Upp=N(0) Vi, U.
Ve>0for e<<o,; V,=0 for o> wy;

Von= —V./ey TOr 0 << 00pp =i/ Veg; Vorn=0 fOT 0> wpm;
= —V (eg—1)/e, fOr 0 < Q, =12, Q; V.=0 for o>Q..

=NV,

g
i(53)
J

These estimates turn out to be valid when w,;, < Qg

<« wF, making it possible to reach a conclusion about
the ‘‘suppression’’ of the Coulomb interaction (see Egs.
(20) and (31)). Specifically, the solution of Egs. (15) or
(23) with the functions (53) leads to the following esti-
mate'??!

, 12 ¢ —1/(g;,
T~ (Tlonh/k) e~1/8 ~ - ©ph (Qe/mph)g“/(gph+gt‘)e HEpntey)
1Ue| _ Ue
A4 U In(wp/@ph) ’

UC —
10 In (wp/opn) ge=|Ue|. J

g=|Upnl+ T—10,[In(2e/0pn)

gbh=gph+gc=[Uph\_

Here the last expressmn for T, is obtamed under the
assumption that gphge ln(Qe/wph) < gph + gg, in virtue
of which

1 —g. In(Q,/0pn) o 1—g.In(Q./0pr)
gpn 1 8e— Epnde 10 (Re/Wpn) Epn i Be

1 p—
g

It is obvious that g’ h corresponds to an effective param-
eter g in the BCS formula (3) for the case when the
exciton interaction does not play a role. Provided that

gg—1 . U, Ue
8= U°>>gp":H?l“ 15U, In (0r/® ) (55)
we obtain formula (43) from (54) because € = Ve, and

U, ~ N(0) - 47€®/qF = 2/a. At the same time formula
(55) coincides with the estimate obtained with the aid
of the BCS formula (3) for ® = 04 = 1Qe/k = AVeo/k
andg=oa/a,a~1.

4. The result of the discussion carried out in Sec-
tions 2 and 3 first of all reduces to a justification of the
simple approach to the problem of high-temperature
superconductivity, which is used in''! and in Sec. 1 of
the present article, and which is based on the BCS
formulas (2)—(3). Specifically, for the appearance of
high-temperature superconductivity it is sufficient, in
the first place, that in the matrix element of the inter-
action energy between electrons V(w, q) = 47e’/q°€(w, q)
there exists an appropriate attractive (i.e., negative)
contribution over a sufficiently wide range of frequen-
cies w ~ Qg = k@e/‘ﬁ > wph = kep/f (above we as-
sumed © ¢ ~ 10" whereas @ ~ 100 to 300°K). In the
second place, the attraction must be sufficiently strong
(g % 1/5to 1/4; see (8)) in the frequency range w = Q.

In the generalized ‘‘jellium’’ model described by the

~L,-t, %,

|
S
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I
|
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FIG. 7
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longitudinal dielectric constant (37), both of these con-
ditions are satisfied provided the frequency 2, ~ Veo
is sufficiently large and at the same time (see Eqs. (54)
and (55))

g—1 4 1
£k

7'—5“—77 gﬂ:}gl,)h' (56)
For €, > 1 this condition will be satisfied if the param-
eter @ is not too small, which is quite attainable for
ordinary metals.

However, if the language of the theory of excitons
is used, then one can say that the characteristic feature
of the ‘‘jellium’’ model (37) is the existence of a band
of longitudinal excitons—~longitudinal waves with a fre-
quency (see Eq. (47))

Q=) HEE

For the maximum value possible at the Fermi surface,
q = 2qF, the frequency Q¢ (2qy) = V(€ + @)/(1 + a)Q

~ V€,0 (see expressions (48) and (49)). It is precisely
this latter frequency @, which determines the charac-
teristic temperature ® ~ ®4 = iQ¢/k in the BCS form-
ula (3), i.e., in the formula T, = @ee_l € for the exciton
mechanism of superconductivity. Thus, for the appear-
ance of high-temperature superconductivity in a metal
a suitable exciton band must exist. Specifically, the
width of the band Aw ~ (V& — 1) must be sufficiently
large; the same, of course, also pertains to the fre-
quency Qg = Ve itself.

Some of the remarks and estimates which have been
cited may appear to be overly technical in nature. In
fact, the situation is quite the opposite—the period of
general discussions about high-temperature supercon-
ductivity has already passed; now a more realistic
analysis of the problem is required. At the same time,
above only one step was made in this direction—it was
shown that high values of T are possible not only for
the BCS model but also for more general models of a
medium which possesses a sufficiently large electronic
resonance frequency Q. It is also advantageous if the
static value of the electronic part of the dielectric con-
stant, €o — 1, is as large as possible (this conclusion is
physically quite clear because a large value of €, — 1
corresponds to large oscillator strengths). The basic
unsolved problem remains the choice of the conditions
and the realizable parameters of the medium or system
(sandwiches, etc.) under which an exciton mechanism
can actually lead to high values of T,. As has already
been discussed in''!, for the achievement of this goal
three objects of investigation have been contemplated
(we do not explicitly deal with nonequilibrium systems,
which are obtained as a result of irradiation, the pass-
age of current, etc.):

a) A homogeneous (three-dimensional) metal in which
a sufficiently strong exciton attraction is guaranteed
due to the polarization of bound electrons in impurities
or in the atoms (ions) of the lattice, and also due to the
interaction of s-electrons with d- or f-electrons, #*7%

b) Long molecules with side ‘‘branches’’ playing the
role of polarizers.””’ Here thread-like chemical com-
poundsm] and different polymer structures are joined
together.

c) Systems of the ‘‘sandwich’ type—a metallic film
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between plates of dielectric, semiconductor, or even a
poor metal.'"****°) Layered chemical compounds with
the neighboring layers having markedly different con-
ductivities may be regarded as a stack of sandwiches

and, in any case, are related to sandwiches.3!!

Below we shall dwell on the merits and deficiencies
of each of these versions, where at any given stage the
question can basically involve only qualitative consider-
ations.

Method a) would appear to be very simple in concept,
but actually it may encounter the greatest difficulties.
If the generalized model of ‘‘jellium’’ is used, then in
order to obtain high values of T, it is necessary to re-
quire the existence in the metal of an exciton band with
frequencies within the limits from § to Ve 2. In other
words, the dielectric constant €(w, q) should vanish in
the indicated region. In this connection the frequency
V€0, must be appreciably below the frequency wg =
= Ep/A (in certain approximate calculations the plasma
frequency wg = v4re’n/m = v16a /3 wp appears instead
of wy, but in the cases of interest to us it is always of
the order of wg).

The condition veof < wp was used above in order
to obtain a number of expressions and the main region
of frequencies comparable and larger than wy does not
introduce a contribution to the part of the energy of
interaction between the electrons which is of interest
to us; consequently, it is evidently in no way possible
to give up the requirement ve,Q < wp or even Ve R
< wp. At the same time neither the experimental data
nor the different estimates give any indications concern-
ing the possibility of the appearance of such a shallow,
but at the same time possessing large oscillator
strengths, exciton band in a metal. The point here is
primarily the fact that the very same factors which lead
to the appearance of a conduction band with width E
= fw will, in general, cause the collectivization of the
electrons belonging to atoms having resonance levels
with energies A2 < Ep. In other words, in a metal it
is extremely difficult to maintain (as a result of intro-
ducing impurity atoms, let us say) levels of bound elec-
trons with excitation energies appreciably smaller than
Ep. Moreover, in order for the quantity e, — 1 in (37)
to be of any significance, the number of impurities or,
if you please, the number of atoms with non- collectivized
electrons entering into the composition of the metal
(alloy) must be very large. Under such conditions it is
especially difficult to maintain a resonance or, more
formally, to guarantee an appreciable contribution of
the type ©°(eo — 1)/(§° — w?) to the permittivity (see
Eq. (37)). Furthermore, in a metal the excitons must
be rather strongly damped, which has not been taken
into consideration above. One might think that the strong
damping of the excitons is an unfavorable factor (unfor-
tunately, the question of the role of attenuation remains
insufficiently clear*).

1t is also necessary to note the unfavorable role of

*Let us emphasize the arbitrary nature of the terminology being
used. In the first place, even in a sandwich a semiconductor or even
a poor metal (semimetal, doped semiconductor) may play the role of
the dielectric. In filamentary and layered amalgamations the division
into conducting (metallic) and poorly conducting (dielectric) filaments
or layers almost inevitably is of an approximate nature.
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electron exchange.®*! Actually the conduction electrons
and the polarizable electrons, which guarantee the ap-
pearance of the appropriate contribution to ¢, are iden-
tical and in general can be exchanged with each other.
But taking account of exchange, as is well known, for
example, from the theory of molecules and as is clear
from general considerations leads to a decrease of the
interaction between the electrons (exchange is associa-
ted with the identity of the electrons, but this identity
leads to a certain ‘‘kinematical’’ repulsion between
fermions). Under the conditions for an ‘‘ordinary’’
metal or alloy (here the term ‘“ordinary’’ indicates the
absence of ordering occurring in filamentary or layered
metallic systems), the wave functions of the conduction
electrons and of the polarizable atoms generally over-
lap, which also leads to exchange and to a correspond-
ing weakening of the attraction between the conduction
electrons (we start from the assumption that such an
attraction exists, since this is necessary for the ap-
pearance of superconductivity). The remarks which
have been made about the role of exchange apparently
do not directly pertain to models of a metal with over-
lapping s- and d- (or f-) bands. But even in this case
the interaction leading to superconductivity vanishes in
the presence of a large number of impurities which
‘““intermingle’’ the states in different bands.'®’ In gen-
eral it appears to be extremely probable that if high-
temperature superconductivity can be achieved in three-
dimensional structures of the ‘‘ordinary’’ type, it can
only be achieved under some kind of far reaching addi-
tional conditions (ordering, absence of exchange, etc.).
Such a conclusion is in agreement with and is strongly
supported by considerations of an empirical nature. In
fact, an enormous number of metallic compounds and
alloys have already been investigated, but temperatures
T, > 21° have still not been achieved.

On the basis of what has been said, it is, of course,
still not possible to reach a conclusion about the un-
attainability of large values of T, in ‘‘ordinary’’ metals
(homogeneous metallic compounds or alloys). Never-
theless, it is quite natural to turn out attention primarily
to ‘““unusual’”’ metallic systems.

The general idea (and the only one known to us) indi-
cating a way for the creation of the cited ‘‘unusual’’
metallic systems consists in a spatial separation of the
region of conductivity (superconductivity) and the di-
electric region responsible for the electronic polariza-
tion or, using the other language, responsible for the
propagation of electronic excitons. The systems of
types b) and c¢) enumerated above are precisely such,
i.e., long conducting molecules with side ‘‘branches’’,
conducting filamentary compounds, dielectric-metal-
dielectric sandwiches, and layered compounds.

As long as the discussion is about only the qualitative
aspects of the problem, such inhomogeneous systems
undoubtedly appear to have advantages, because weakly-
damped excitons can exist in a dielectric with frequen-
cies w smaller than the electronic plasma frequency
and the frequency wp = Ep/4 corresponding to the me-
tallic part of the system.* The absence of any apprecia-

*Above we had in mind the influence of the non-collective levels
(in particular, levels in impurity atoms) on €. However, the frequen-
cies 2 < wf and £ < wE may also correspond to interband transitions
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ble overlap between the wave functions of the electrons
in the metal and in the dielectric guarantees the absence
of exchange. Finally, sandwiches and other inhomogene-
ous systems with the necessary parameters (see''’ and
below) still have not been created and investigated, so
that here there are also in practice no objections based
on experimental data. It is necessary, however, to note
that already at the level of similar very general dis-
cussions the negative aspects of inhomogeneous systems
are also evident. It is sufficient to make the metallic
film in the sandwich (or the analogous ‘‘metallic’’ part
of the other objects being considered) thick enough so
that there is no hope of obtaining large values of T,
owing to the presence of the dielectric. Such a conclu-
sion is clear from general considerations, but it finds
its own more concrete quantitative expression in the
results of article®!. In®®®! it is shown that, in the

case of an interaction which is inhomogeneous with
respect to the film thickness, the value of T, for the
film is determined by the average value of this interac-
tion

a:2
I_/'::% s. V(z)dz.

—d 2
From here it follows that even the presence of an ex-
tremely strong attraction between electrons in the im-
mediate neighborhood of a dielectric is not sufficient
for the achievement of high values of T provided V
corresponds to a small temperature T,.. Physically
such a result is associated with the fact that the elec-
trons in a metallic film move throughout the whole of its
volume and spend only a small fraction of the time in
the region with a strong attraction.

Thus, in order to achieve large values of T;, a me-
tallic film must have a thickness d of the order of the
““‘radius of action’’ of the dielectric for electrons in
metal. But, for a good metal this ‘‘radius of action’’ is
a quantity of the order of an atomic distance. There-
fore, a priori it is still not clear whether an inhomo-
geneous system (a sandwich, let us say) will prove to
be substantially more favorable in comparison with an
‘‘ordinary’’ metal or alloy, which is also obviously in-
homogeneous at an ‘‘atomic level.”” From this point of
view the search for a system with a high critical tem-
perature T represents an attempt to find certain opti-
mal and, at the same time, compromise conditions (the
existence of a suitable exciton band, and its effective
utilization in order to guarantee attraction between the
conduction electrons).

of the electrons in a metal in the absence of impurities. In the cases
known to us, as a result of insufficiently large oscillator strengths for
such transitions, their large spectral widths, and the influence of atten-
uation, interband transitions do not lead to the appearance of an ex-
pressed low-frequency exciton band (frequencies £ < wy) although
they have a substantial effect on the plasma frequency w, and on the
entire frequency behavior of e(w, q). In other words, the interband
transitions usually do not lead to the appearance of regions with nega-
tive values of Re € (see [18:63:64]) Independently of the nature of the
exciton band, in a plan of search for high-temperature superconduc-
tivity it is necessary to investigate metals (or metallic systems—sand-
wiches, etc.) for which transitions of a resonant type exist and there
is a corresponding band with frequencies §2 < wp (actually the fre-
quency §2 may be smaller than wp all together by a factor of several
times).

e
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Let us proceed to a more specific discussion of in-
homogeneous systems of the type of long molecules
(case b)) and of the sandwich type (case c)).

5. The conjecture about possible superconductivity
of long molecules®”’ and of related structures has
attracted a great deal of attention, but at the same time
it has given rise to a whole series of objections:

1) In one~dimensional and two-dimensional systems
a superconducting phase transition associated with the
appearance of ‘‘long range order’’ is impossible #*7*%]
as a result of the presence of overly strong fluctuations.
Here a system is one-or two-dimensional, not only if
the question involves infinitely thin filaments or planes,
but also for systems with one- and two-dimensional
momentum spaces. Therefore, long range order also
does not arise in that case when the question involves
superconductors which are bounded in one or two dimen-
sions—for example, in a wire or in a plate. Thus, in a
long (formally an infinitely long) molecule a supercon-
ducting state of exactly the same type as for three-
dimensional systems (i.e., with long-range order) can-
not arise.

2) A one-dimensional metal generally is unstable in
the sense that the period of the lattice may double with
a transformation of the chain into a dielectric state
(a gap appears in the spectrum, analogous to the for-
bidden band in dielectrics).

3) In a one-dimensional conducting chain (filament)
the Coulomb field is not screened, and consequently the
Coulomb repulsion will always prevail.

4) Even if superconducting molecules turn out to ex-
ist, it will still be unclear how to use them to prepare
superconducting materials, in virtue of the difficulties
involved in order to realize appropriate contacts be-
tween the molecules and metallic electrodes.

These objections, especially the first of them, to a
considerable extent have discredited the concept of the
creation of superconductors of a molecular type. Mean-
while, in actual fact not one of the cited critical re-
marks can apparently be regarded as ‘‘cutting off’’
macromolecular superconductivity. Thus, the absence
of long-range order,* as already mentioned, holds not
only for a molecular chain (filament) but also for ordin-
ary superconducting wires and, in general, for arbitrary
superconductors with one or two finite dimensions.
Nevertheless, such superconductors even in the case
of a wire or of a film with a thickness amounting to a
hundred angstroms, and sometimes even less, do not
differ at all from bulk superconductors (we have in
mind general properties, but not possible changes of one
or the other parameters which, for a bulk metal, depend
on the method of preparation, processing, and so forth).

Long-range order is not present in a one-dimen-
sional filament because thermal fluctuations destroy

*The superconducting state is characterized by a certain complex
“order parameter” ¥ = |¥|el¥ (unless we consider gapless supercon-
ductivity, the modulus |¥| is proportional to the width A of the super-
conducting gap). The presence of longrange order means that the values
of ¥ are correlated for any two arbitrarily separated points in the
superconductor. This means that upon neglect of the fluctuations
(which must be sufficiently small) both [¥| as well as the phase y vary
along the superconductor in a quite regular manner so that, for ex-
ample, {¥| = const and ¢ = kz.
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this ordering (if, let us say, it existed at a certain in-
stant of time). Here the one-dimensional nature is es-
sential in this respect, that in order to violate the long-
range order it is sufficient to ‘‘disrupt’ the ordering
even if only at one place (in the two-dimensional case,
in order to violate the long-range order it is necessary
to destroy the ordering on a certain curve, and in the
three-dimensional case—now over an entire surface).
For a wire of arbitrary diameter, in principle a fluctua-
tion which destroys the superconducting circuit is also
always possible. Therefore, in a state of total thermo-
dynamic equilibrium long-range order is not present in
the wire. But it is quite obvious that for a sufficiently
fine wire the probability of a fluctuation which converts
it into the normal state over its entire cross section

is insignificantly small, especially if the question does
not involve the region of temperatures immediately
adjacent to T,. As a result, now for a wire of thickness
up to one hundred angstroms the fluctuational breaking
of the circuit is practically impossible, and the super-
conducting current will not be attenuated. For still
finer wires near T, the fluctuations now turn out to be
appreciable, and they lead to a reduction of the effec-
tive critical temperature T; off, Which is somewhat
arbitrarily defined as the highest temperature with a
negligibly small resistance. As to the thermodynamic
properties of the system, here long-range order (coher-
ence over arbitrarily large distances) is not required—
the thermodynamic properties can be practically the
same independently of the presence of long-range order,
but provided that the dimensions of the system are
sufficiently large.

We are unable (but we also do not see any special
reasons) to develop these considerations here (see
In our opinion they testify with complete assurance to
the feasibility of passing a practically unattenuated
current along a very fine wire, and in principle also
along certain macromolecules. To be sure, with a
reduction of the diameter of the wire (system) the tem-
perature T, off is lowered, and for molecular dimen-
sions d ~ 3 x 107 to 3 x 10”7 cm it may turn out to be
small in comparison with the value of T, for the same
material but in bulk form. Also one cannot exclude the
possibility that T off = 0 for a ‘‘wire’’ of molecular
dimensions, owing to some kind of still obscure reason.
But this is already another problem—just now we wish
to emphasize only one fact: the absence of superconduct-
ing long-range order (the first objection) still does not
at all cut off the possibility of the existence of macro-
molecules of the superconducting type, i.e., able to
carry a practically unattenuated current (if you like,
such a superconducting state without long-range order
can be called quasi-superconductivity!'!).

The second of the objections mentioned above—the
instability of a one-dimensional ‘‘metal’’—also is not
categorical and generally pertains only to a ‘‘metal’’
in the normal state. Impossibility of the appearance of
a superconducting gap in the energy spectrum does not
follow from here. The third objection—the absence of
screening—only pertains to a strictly one-dimensional
system. In coordinate space a molecule is by no means
one-~dimensional—it has dimensions that are different
from zero. Therefore, some screening of the Coulomb
field in molecules must, of course, occur, as follows

[36,42])

V. L. GINZBURG

from calculations and from their comparison with spec-
troscopic results.®®%:*! Finally, the fourth objection,
which is connected with the difficulty of realizing con-
tact with a macromolecule, is not a fundamental diffi-
culty. In any case the creation of polymer superconduct-
ing materials is still far away, and if one were able to
synthesize or observe just even individual superconduct-
ing macromolecules, this would be a prominent achieve-
ment.

Thus, in principle the superconductivity (or more
precisely the quasi-superconductivity) of long macro-
molecules is possible. By the same token, efforts which
have as their goal the synethesis or observation of such
molecules, a study of their properties, the performance
of appropriate calculations, etc. are completely justi-
fied. Unfortunately, there is still nothing to say about
real progress in this direction. The author of the pres-
ent article is not competent in questions of structure
and polymer chemistry and therefore, unfortunately,
cannot dwell here on the difficulties which were encoun-
tered in the attempts to synthesize superconducting
macromolecules. The conclusion of the corresponding
discussion,”! however, is quite definite: as yet no one
has succeeded in synthesizing not only superconducting
molecules but not even any kind of prototypes of them
(long chains with the number of links greater than 10
to 15, and with a corresponding lavge number of 7-elec-
trons), and no new ideas for accomplishing such a syn-
thesis were reported. Nevertheless, the synthesis work
is being continued because there are no completely con-
vincing reasons to exclude the possibility of its suc-
cessful development.

An extremely elegant and original approach to the
problem consists in a hunt for the superconductivity of
bacteria.s! If superconductivity or something of its
nature plays a role in biology, then during the course of
evolution certain bacteria might acquire a large dia-
magnetic susceptibility or (and) a large conductivity.
For the detection and selection of such bacteria, it is
assumed that they pass through a diamagnetic separator
(the analog of a Stern-Gerlach apparatus in which the
bacteria move in a strongly inhomogeneous magnetic
field) and through a separator which separates bacteria
having different conductivities (if the conducting ‘‘parti-
cles’’—bacteria—are in a liquid medium with a different
conductivity, then during the passage of current and in
the presence of a current perpendicular to the magnetic
field the motion of the ‘‘particles’’ depends on their
electrical conductivity). Selecting bacteria with ‘favor-
able’’ indices with the aid of two separators, and also
subjecting them to multiple mutagenesis effects, one
can hope to obtain a superconducting ‘‘species’’ of bac-
teria.

Numerous other experimental and theoretical inves-
tigations of macromolecules, polymers, etc.*7#4%® atgo
pertain to the problem of high-temperature supercon-
ductivity. In this direction one immediately touches the
investigation of three-dimensional polymer ‘‘networks’’
and filamentary compounds.®®?*! In a qualitative sense
it is immediately clear that a transition from individual
macromolecules to a system of such interacting mole-
cules, filamentary structures, and so forth leads to a
decrease of the fluctuations (in this connection it is
essential that the long-wavelength fluctuations repre-
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sent the fundamental danger from the point of view of
destruction of long-range order). And what is more, if
conducting filaments which are parallel to each other
not only interact (the question is the Coulomb interac-
tion, let us say, associated with the formation of fluc-
tuations of the charge density in the filaments) but also
overlap (in the sense of an overlap of the wave functions
of the electrons in different filaments),”®’ then in point
of fact a three-dimensional system is formed, capable
of long-range superconducting order. For filamentary
compounds the other difficulties mentioned above, which
exist on the way to the creation and utilization of indi-
vidual superconducting macromolecules, generally
speaking vanish or become less serious.

Thus, searches for high-temperature superconduc-
tivity by way of the investigation of appropriate macro-
molecules and filamentary compounds remain quite
deserving of attention and completely justified.

6. The last conclusion does not at all prevent the
author from assuming, just as previously,'*’ that for
the creation of high-temperature superconductors the
use of a system having ‘‘plane geometry’’ is more
favorable and promising, i.e., sandwiches and layered
compounds. The point is that although all known objec-
tions against the possibility of the existence of mole-
cular superconductivity are not conclusive, but never-
theless they are supportive. The fluctuations in one-
dimensional and quasi-one-dimensional systems are
undoubtedly larger than in two- and three-dimensional
cases, and ‘‘other conditions being the same’’ they lead
to a reduction of T,. The screening for macromolecules
is also weaker than in two- or three-dimensional sys-
tems. At the same time for sandwiches and layered
compounds these disadvantageous features are not pres-
ent; for sandwiches there is also no real danger of the
appearance of an instability of the conducting state, and
no special difficulties of any kind arise in the question
of contacts. To be sure, in the two-dimensional case
just as in the one-dimensional case, long-range super-
conducting order is not present,”***! put it vanishes,
so to speak, in a logarithmic fashion. This means that
the critical temperature, for example, for an extremely
thin film of dimension L varies according to a law of
the type T, ~ const/In(L/a), where a is a certain
atomic size (here we are extrapolating the calculations
for a boson gas; for more details see'**®*?), From
here it follows that superconductivity might, in general,
be observed even for strictly two-dimensional films of
macroscopic dimensions (such a situation holds for
two-dimensional crystals; see'*’!, Sec. 147). Another
property is essential—in the case of a sandwich (without
even talking about layered structures) the question does
not at all involve two-dimensional structures. In a film
of thickness d, if it is ideal and ‘‘filled’’ with noninter-
acting electrons, the energy of the latter is given by
E = (h®/2m)(q} + q§) +E| ;. One can regard such a
film as two-dimensional if, near the Fermi energy Ey,
the energy of the electrons only depends on gy and q
(x and y denote the coordinates in the plane of the film),
and the levels E| ; ~ 4%°/2md” (1 = 0, 1, 2, ... .) corre-
sponding to transverse motion are sufficiently far apart
from each other. It is obvious that near the Fermi
boundary the smallest distance between the levels of the
transverse motion is given by AE ~ E | | ~ 4%/2md®.

Y
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One can believe that the presence of these levels does
not violate the two-dimensional nature of the distribu-
tion provided AE ~ £?/2md® > A(0) ~ kT, i.e., provided

d <H/V2mKkT.. Hence for T, ~ 10°K we arrive at the
inequality d < 5 x 10”7 ¢m. But in fact films of thick-
nesses d ~ 20 to 30 A are still superconducting, they
generally behave like three-dimensional superconduc-
tors, and have a similar value of T, (see'*®**!), There-
fore one can believe that even for a thickness d ~ 10 to
20 A the film can still be regarded as three-dimen-
sional. The probable explanation for the incompatibility
of this conclusion with the estimate cited above is con-
nected with the non-ideal nature of the film and with the
inter-electron interaction, by virtue of which the motion
of the electrons cannot be separated into longitudinal
and transverse. As a consequence, it is probable that a
film becomes authentically two-dimensional (in the
sense of the two—dimensiogal nature of momentum
space) only ford ~a ~ 3 A,

What has been said enables us to believe that for a
sandwich with a metallic center of thickness d ~ 10 to
15 A, the superconductivity of this center (film) will be
close to three-dimensional. But then the transition to
the two-dimensional case (d ~ 3 to 10 A) also is obvi-
ously not dangerous since under such conditions a prac-
tically undamped current can flow along the film (quasi-
superconductivity; see above).

Regarding the question of screening then, in the first
place, for the two-dimensional case in contrast to the
one-dimensional case the Coulomb field is already
screened and, in the second place, in the case of inter-
est to us of films with d X 10 A the screening is cer-
tainly stronger than in a two-dimensional film and is
close to that corresponding to a three-dimensional
metal.

Among the number of advantages which a sandwich
has belongs the feasibility to create sandwiches with
different parameters, and also to control these param-
eters. It is easiest of all to make a sandwich as the re-
sult of the deposition of metal on a dielectric substrate
and dielectric on metal, but other methods are conceiva-
ble: cleavage of a crystal in vacuum with subsequent
deposition of the film and a joining together of the
cleaved parts of the crystal, a thinning of the film inside
the sandwich by means of the treatment of thicker layers
under pressure, the creation of narrow layers of heavily
doped semiconductor in such an undoped semiconductor,
and finally chemical methods.

It would be advisable to dwell in a little more detail
on the last method, in connection with a discussion of
the fundamental question concerning the deficiencies of
sandwiches. Properly speaking, we can only indicate
one such potential deficiency—the interaction between
the metallic and dielectric parts of the system is weaker
in a sandwich than it is for filaments. Here we have in
mind simple geometrical considerations—a conducting
filament (a conducting chain in a macromolecule) is
surrounded by dielectric on all sides, in connection with
which, all other conditions being equal the electrons in
the filament interact more strongly with this dielectric
than in the case of a metallic layer which is located be-
tween dielectric sheets. In order to somehow decrease
or compensate for this ‘‘weakness’’ feature of sand-
wiches, it is necessary to make the metallic film in them



348 V. L. GI
as thin as possible, but still retaining high conductivity.
Thus, one is forced to deal with another somewhat rela-
ted property (the question is the rapid decrease of the
interaction energy with separation from the surface of
the dielectric; see above). 1t is also clear that the
dielectric must be joined to the metallic film as closely
as possible. Here then the possible advantages of depo-
sition of the dielectric by chemical means emerge on
the scene, i.e., as the result of a chemical reaction on
the surface. Namely, for chemical binding the contact
of the dielectric with the metal will probably be espec-
ially tight and favorable from the point of view of achiev-
ing the strongest possible interaction.

Thus, incidentally, there is no basis to set off phys-
ical methods against chemical methods, as may prove
to be natural if one confines his attention to only a con-
sideration of the synthesis of long macromolecules and
layered compounds, on the one hand, and sandwiches
created without using chemical reactions on the other
hand.

Let us add one more comment to what has been
said.'®®! Attempts to synthesize superconducting macro-
molecules are associated with the simultaneous solution
of two problems—the creation of very long conducting
(or superconducting) chains and the surrounding of this
chain by strongly-polarizable molecular side branches.
The situation is more or less analogous to the case of
the synthesis of layered compounds possessing a metal-
lic conductivity. Meanwhile, each of the mentioned
problems is sufficiently complicated individually (it is
possible that both problems cannot be solved one with-
out the other, but this changes the situation very little).
However, in the case of sandwiches, from the very be-
ginning we can actually separate both problems: a me-
tallic film is created by well-known methods, and one
can easily control its conductivity; therefore it is only
necessary to solve the second problem—to select a
suitable dielectric and to join it with the metallic film,
for the accomplishment of which a chemical reaction
may turn out to be fruitful (what has been said also per-
tains to granulated metal-dielectric systems which are
discussed in Section 8).

One can suppose that further attempts to convince
one of the merits of sandwiches are not very fruitful
and are unnecessary, at least in this respect, that real
progress forward is possible only by means of the ap-
propriate experiments and calculations.

At present there are methods whereby,
operating in a high vacuum (p < 107* torr), one can
deposit films having thicknesses down to a few atomic
layers (d ~ 10 to 15 A) on a substrate. The diffraction
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of slow electrons on such a film makes it possible to
monitor its structure. Obtaining the Auger spectra of
inelastically scattered electrons opens up the possibility
of verifying that the film is continuous (in the opposite
case lines will be detected which correspond to the ma-
terial of the substratum). This same method makes it
possible to detect the presence in the film or on it of
any kind of impurity (also see s1b3 ). There are also
methods to determine the thickness of the film without
even saying anything about its conductivity. At the pres-
ent time the most complicated part of the program of
investigation of sandwiches consists in the selection of
a dielectric, the preparation of its surface, and the
deposition of dielectric on both sides of the metallic
film. There is no doubt that only the accomplishment of
numerous and diverse experiments with sandwiches (or
for well-known orientations with very thin metallic
films deposited on dielectrics) makes it possible to
estimate the extent of the truth in the stated assump-
tions concerning the feasibility to substantially increase
the superconducting critical temperature in such a way.

7. Emphasis on the decisive role of experiment at
the present stage, of course, does not mean any nega-
tion of the timeliness of the various estimates and cal-
culations aimed at facilitating the choice of the param-
eters and materials to be used in sandwiches. Certain
general considerations on this account were already
presented in"'!; let us just now regard the parameters
indicated there as correct, but they are not sufficiently
concrete. Unfortunately, a more complete theory of
sandwiches has not yet been developed, not even for
simple models. Therefore, below we are forced to con-
fine our attention to only several remarks.

In order to find T for a sandwich it is first of all
necessary to find the interaction energy of two electrons
existing in the metallic film of the sandwich. In virtue
of the presence of spatial dispersion this problem is no
longer simple, but upon neglect of spatial dispersion it
is elementary to solve. In fact, we shall describe the
three media entering into the composition of the sand-
wich (Fig. 8) by dielectric constants €,(w), €(w), and
es(w). Let us position a charge (electron) at the origin
of coordinates, and let us find the potential ¢ created
by it. In medium 1, where the charge is located, the
potential satisfies the equation V¢, = —47ed(r)/¢,(w),
and in media 2 and 3 it is obvious that V?p, = 0. The
conditions ¢ = ¢ and €j(8¢/0z) = €x(d¢/8z) for i, k
=1, 2, 3 must be satisfied at the boundaries of the
media i and k. The solution of such an electrostatic
problem can easily be found by the method of images
and has the form
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The interaction energy between the given electron and
another located at the point r = vx% + ¥%, z is equal to

eg,. For simplicity let us locate the second electron

symmetrically, i.e., let us set z = 0. Then for a sym-
metric sandwich, when €; = €; we obtain
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(58)

For an asymmetric sandwich and, specifically, for a
metal film (of permittivity €,) on a dielectric substratum
(of permittivity €.) in the absence of medium 3 (i.e.,

for €; = 1) a formula analogous to (58) follows directly
from (57). In view of its simplicity, let us write an ex-
pression for V in the case of two electrons existing at a
distance d/2 from the interface between media 1 and 2
in the absence of medium 3 (for this, in (57) it is neces-
sary to set €; = €,):

(59)
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The interaction (59) to some extent also characterizes
the situation in sandwiches for the electrons located
close to one of its boundaries with the dielectric.

From the expressions cited, it is obvious that even
for d — O the interaction of electrons in sandwiches
does not at all reduce to the interaction in a continuous
medium but, let us say, with permittivity €, + €;. In an
unbounded medium the longitudinal waves (excitons)
may propagate only under the cited condition e(w) = 0
(let us confine our attention to the case of an isotropic
medium in the absence of spatial dispersion; for more
details see''’). As is well known, in connection with
the presence of interfaces the appearance of surface
exciton states is possible (in these states the field in
the waves is localized only near the interface). On the
interface between two media with dielectric constants
€,(w) and €z(w) the frequencies of the surface excitons
satisfy the condition (see!'*’®:18)

&y (@) - €2 (w) = 0. (60)

It is obvious that the interaction (58) or (59) is es-
pecially large both in the region of the existence of vol-
ume excitons for medium 1 (the condition €,(w) = 0) in
which the interacting particles are found, and in the
region of the existence of surface excitons (condition
(60)). Upon taking account of retardation, spatial dis-
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persion, and anisotropy (of the crystal)!*,1%:92:%1 5ng
also certain other factors (thus, in'**! the influence of
quantization of the energy of the transverse motion in
the film is investigated), the spectrum of the surface
plasmons may differ in a very substantial way from that
obtained on the basis of the simplest condition (60).

In order to put together some kind of idea about the
nature of the surface exciton band in sandwiches, we
shall assume that in the metal €, corresponds to the
“‘jellium’’ model, where for simplicity we immediately
neglect the term —w; /w in Eq. (25); we shall assume
medium 2 to be a dlelectrlc possessing a resonance fre-
quency . In other words, we set

Q2 (gg--1)

1+ 255 wlo, =1+ S0 (61)

g {0, )=
From condition (60), where now even if it is not com-
pletely consistent still spatial dispersion is taken into
account, we obtain a dispersion equation for the surface
excitons (the solution of Eq. (60) is denoted by Q¢ g)

s (eot 1) @242
Qu,s_~‘\2q—2+%—2-£zz,
Q. s(0)=9, Q. (2¢5) =V {Ee+1--0)/(2+a) Q. (62)

The frequencies Qe g are of the same order as the fre-
quencies Qg for volume excitons (see Eq. (42)), as one
would be 1ed to expect in the present case in virtue of
the similarity of expression (37) for € and the sum

€, + € (see (61)). The difference between the interaction
functions U(w) in both cases is also probably small,
although it may turn out to be more appreciable than for
the case of the frequencies Qg and Qg ,8° Since for sand-
wiches the equations determining the gap A and the tem-
perature T have still not been obtained, we cannot indi-
cate the corresponding expression for Ug(w), Uggs, or
for an analogous function. For a known orientation one
can probably treat the problem in the following way: we
compare the interaction energy V = e€?/er in the bulk
case with expressions (58) and (59). Under conditions
when the term containing the factor (€, — €)/(€; + €2) is
the major term in Egs. (58) and (59), one might believe
that for an estimate the same expression for Uggs would
be valid as for the volume case, but with the replace-
ment of 1/€ by

1 1 (g,—¢
= e
Let us proceed in precisely this fashion, using expres-
sion (61). Then
4me? 2
=g {1+ =)

where the frequency Qe,s(Q) is determined by the ex-
pression (62).

Now proceeding in the same way as for the transition
from (50) to (52), we have

4e?

T g% (@, q)

[29%/ (2g2 + #2)] (gQ2—
@2—Q2 = (g)

(63)

£o022— w2

Vo {1+ (64)
One can think that in order to estimate T, one should
proceed just as in the case (50)—(53), by assuming

= %0 T ea--1)
Von = so’;fl ¢ “Esv'V ——0—2- Qandvp,l =0

for w > Q¢ 5. Then we obtain
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T~y ot (65)
This estimate agrees in practice with the estimate (43)
for the bulk case—it is not necessary to talk about the
difference here in connection with the approximate na-
ture of the calculation, and due to the tentative nature of
the initial expression (63). At the same time the conclu-
sion about the desirability of the selection of large
values of €, (large oscillator strengths; see (61)), not
too small values of &, and large resonance frequencies
£ (but upon fulfillment of the condition V&, < wp
= Ep/H) is quite plausible and probable. From here
one can conclude that it is reasonable to make the
dielectric layers of the sandwich out of a dielectric
having a strong absorption band in the range of values
hQ ~ 0.1to 1 eV (for light g < qp, and therefore ab-
sorption takes place near the resonance frequency ,
but not at the frequencies w ~ Q¢ g(2aF) ~ 2e(2qF)
~ VeoR).

Above we assumed the conducting film in the sand-
wich to be made out of a good metal (Ef ~ 10 eV). In
the same way it should be emphasized (see also'**’*!)
that sandwiches of the semiconducting type also deserve
attention (the question involves heavily doped semicon-
ductors possessing a metallic conductivity). In'**? it is
proposed to investigate sandwiches with semiconducting
centers and granulated metallic coverings. The utiliza-
tion of ferromagnetics (ferrites), antiferromagnetics,
and ferroelectrics as dielectric layers in sandwiches
may turn out to be useful, and it may also turn out to be
useful to investigate the influence of external magnetic
and electric fields on T,. We have in mind the influence
of fields (internal and external) on the electrical spec-
trum of the system (in particular, the dielectric con-
stants €, and €, are changed as a consequence), the
change of the electron concentration, and exchange
effects. For example, in the case of sandwiches with
ferrite layers, both from the theory'®*®**™ and from ex-
periment““” it is known that T, depends on the mutual

orientation of the magnetization vectors in both coatings.
As a result one can control the value of T, within well-

v known limits by changing the direction of magnetization
in the coating. One also cannot exclude the possibility
that for sandwiches with a very thin conducting layer the
effect of the cited factors may turn out to be favorable
from the point of view of achieving the highest possible
values for T,. Thus, it is clear that there is a very

Qe Ve, go={U| =N (0) Vem —-.

broad circle of possibilities associated with the prepara-

tion and investigation of sandwiches. However, the
fundamental and decisive difference between sandwiches
and a homogeneous metal is the significantly greater
case of creation of a system with metallic conductivity
and, at the same time, with a clearly expressed exciton
spectrum.

8. The creation of a sandwich with a high critical
temperature would immediately place in our hands the
appropriate superconducting element of a current-
carrying circuit. In order to obtain such a sandwich,
however, it is not only necessary to find the appropriate
combination of materials with a high value of T,. In
order to do this it is obviously necessary also to create
a conducting film of macroscopic dimensions. Mean-
while it is quite possible that at first it is easier to ob-
tain only a microscopic combination of metal and dielec-
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tric (in the form of a metallic lamella or droplet, which
is surrounded on all sides by an appropriate dielectric),
possessing a high value of T;.* One can observe the ap-
pearance of superconductivity and measure T for such
lamellas or droplets by using the tunnel effect (see, for
example,®®!) or with the aid of diamagnetic measure-
ments (in the latter case the concentration of super-
conducting particles in the dielectric matrix must be
relatively larger). Dispersed (granulated) superconduc-
tors, which the question is just now about, can be pre-
pared by different methods, for example, by sputtering
or by imbedding the metal in a porous, poorly conduct-
ing material (in the last case, to be sure, the metallic
particles and filaments usually turn out to be relatively
large;"® but in such a way that the possibility of ob-
taining particles with the required dimensions of the
order of 10 to 30 A is not excluded).

Under pressure or as a result of diffusion one can
evidently also obtain systems with a subdivided surface
and materials with a layered structure. However, it is
natural to first study layered chemical compounds
possessing metallic conductivity (a review of the prop-
erties of a number of such compounds of the type TX,
is contained in article'®’). Solutions of metals in non-
metals are also of interest. Cooled solutions of sodium
in ammonia are an example. It is of interest that as
long ago as 1946 a report'®’! appeared about the obser-
vation of high-temperature superconductivity in such
solutions. This report was not confirmed by other au-
thors. However, as Little®’ has correctly emphasized,
it is advisable to repeat similar experiments. The point
is that in article'®®! T the effect was only observed in a
few cases and perhaps it was caused by impurities
which were not present in the other experiments. There-
fore, there are reasons to clarify the role of various
impurities, which are knowingly-introduced, on the con-
ductivity of solutions of sodium in ammonia and on other
similar solutions with metallic conductivity.

We have enumerated all of these alternatives and
potential possibilities first of all in order to emphasize
the major thesis: there is no reason to approach the
problem of high-temperature superconductivity with
preconceived ideas, and the preference which the author
gives to sandwiches does not in any way bear the char-
acter of a denial of the advisability to also conduct
searches in other directions.

In the article’!’ we were obliged to state that the
problem of high-temperature superconductivity was not
being given sufficient consideration. By February 1970,
when the present article was completed, the situation
had improved-an ever larger number of physicists and
chemists have accepted the challenge and are endeavor-
ing to create high-temperature superconductors. The

*We note that just such a case is discussed in article ['®]. According
to an opinion expressed by A. 1. Shal’nikov during a discussion of one
of the author’s reports at the end of 1969, to seek high-temperature
superconductivity via the investigation of dispersed (granulated) super-
conductors may prove to be an appreciably easier task than as the re-
sult of an investigation of sandwiches.

t1It is interesting to note that already in this article an hypothesis
was expressed about the possibility of the occurrence of supercon-
ductivity associated with a “pairing” of fermions with their subsequent
Bose-Einstein condensation.
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author would not be overly surprised if the first suc-
cesses on one of the paths leading toward this goal were
achieved even before the appearance of this article in
print. But as long as this has not taken place, it is still
necessary to specifically see to it that searches for
high-temperature superconductors are carried out in-
tensively and over a broad front. It is precisely this
circumstance which explains and, so one can hope, justi-
fies the inclusion in the present article of certain re-
marks which by their nature would usually be regarded
as suitable only in the case of the popular scientific
literature, lectures, and so forth.

Note Added in Proof. In %] it is reported that organic molecules
were introduced between metalic layers and layered compounds of
transition metals (dichalcogenides). The most thorough study was
made on tantalum disulfide, in which pyridine (Cs Hs N) was intro-
duced. As much as one molecule of pyridine per two tantalum atoms
was introduced. In this case the distance between the planes formed
by the tantalum atoms amounted to 12A. Such a material has T ~
3.5°K, whereas T of the initial compound (TaS,) is ~0.7°K. The ob-
served new class of layered organometallic compounds [*°] is of great
interest from the point of view of the study of quasi-two-dimensional
superconductors and the exciton mechanism of the superconductivity.
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