The phenomenon of exciton-fermion condensation

A.B. Kuklov

Institute of Physics, I. I. Mechnikov State University, Odessa

(Submitted 19 November 1991)
Zh. Eksp. Teor. Fiz. 101, 1881-1893 (June 1992)

Conditions are investigated under which a finite density of excitons can arise spontaneously,
which then mediate BCS-type pairing of free electrons through virtual excitonic transitions
involving higher state (excited) excitonic levels. This cooperative exciton-fermion condensation,
which takes place primarily via a first-order phase transition that is close to second order, is
characterized by large values of the ratio of the superconducting gap to the transition
temperature, even when the coupling constant is small. In the limit of small free-electron densities
and high temperatures, polaron effects give rise to a discontinuity in the exciton concentration,
leading to a considerable relaxation of the conditions for subsequent appearance of the
superconducting condensate. It is shown that the maximum transition temperatures for a given
position of the Fermi level correspond to a line of critical points. Near this critical line, the nature
of the exciton transition turns out to be irrelevant, which eliminates any direct or indirect
influence of the isotopic shift on the transition temperature. The applicability of the model to

layered superconducting oxides is discussed.

1.INTRODUCTION

The discovery of the phenomenon of high-temperature
superconductivity (HTSC) has led to further development
of exciton models of superconductivity (see Ref. 1). How-
ever, use of these models to describe HTSC compounds is
hindered by the difficulty of suppressing the bare Coulomb
contribution’ uc (see, e.g., Refs. 2—4); in addition, nonadia-
batic vertex corrections have been found to be important,
which decrease the effectiveness of the exciton mechanism.’
Both of these facts are consequences of the small value of the
Fermi energy Er~=0.1 eV, which is obtained from band-
structure calculations.® This in turn implies that nonphonon
pairing is possible only if we postulate the existence of an
electric-dipole active soft mode with characteristic energies
@y,<0.1eV.

A mode of this sort should undergo strong longitudinal-
transverse splitting, so that its longitudinal frequency w,
will be bounded from below by the characteristic plasma
frequency”

0p=(8ne*/eamea)”, (1

where e is the electron charge, m., is the reduced mass of the
exciton, €, is the high-frequency dielectric permittivity, and
1 is a quantity on the order of the effective volume of the
exciton. It is easy to see that condition (1) sharply restricts
the possible exciton pairing mechanism in the limit of small
Eg, even if umklapp processes, which include interactions
with the transverse branch, turn out to be important for
some reason or other.

However, virtual creation of excitons is not the only
way to increase the superconducting transition temperature
T, : under suitable conditions, T can be increased by a par-
tial metal-insulator transition which increases the density of
states D, at the Fermi surface.” Recently, anumber of HTSC
models®~'° have been proposed that are based on this effect
and the possibility of enhancing the polarizability of a medi-
um in the presence of an excitonically anomalous back-
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ground.’ These models are also successful in explaining sev-
eral features of the normal phase of HTSC materials.''

Itis noteworthy that an increase of T, within the frame-
work of the models proposed in Refs. 7-10 occurs only in the
presence of an excitonic order parameter. In this paper we
investigate the possibility of a novel mutual coupling of the
exciton system to the Fermi liquid of free carriers which can
lead to high T, without necessarily requiring coherence of
the exciton ensemble. Let us discuss this possibility in detail.

Suppose that for some reason a finite density of excitons
N, appears in the system, and that each exciton is in its low-
est state E, with respect to the motion of the electrons and
holes. If the virtual transition E, = E, to the next internal
exciton state is characterized by a large oscillator strength,
then a considerable polaron shift in the Fermi energy of free
carriers is possible even for small values of N,; this also holds
for the enhancement of BCS pairing. Formation of heavy
strong-coupling polarons and their Wigner crystallization is
also not ruled out. Under certain conditions, the corre-
sponding gain in energy F* can exceed the bare energy
F, = E,N, per unit volume of the exciton collective system,
leading to stabilization of a state with a finite exciton density
N, that is considerably higher than the thermal density. This
state will nominally be referred to as an exciton-fermion con-
densate (EFC). It is clear that coherence of excitons in the
EFC s not a necessary condition for its existence, and that a
situation is possible where at finite temperatures T the exci-
tons form a gas accompanied by a superconducting conden-
sate of fermions, which are bound in Cooper pairs.

The possibility of nonequilibrium excitons mediating
superconducting pairing was investigated in Ref. 12. In this
paper it was assumed that the exciton spectrum was hydro-
genic, and therefore could be characterized by a universal
value /S 1 of the strength of a non-ground-state transition. It
will be clear from the analysis that follows that it is difficult
to attain high T, in the EFC phase in this case, although an
exciton-polaron EFC phase may exist. In this same paper'?
the authors noted a possibly fundamental role for anisotropy
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in enhancing the influence of nonequilibrium excitons on T',.
It will be shown here that in a quasi-two-dimensional system
there is no such universality for the oscillator strengths f of
non-ground-state transitions, and that high values of /> 1
are attainable, which can lead to a high T.

In what follows, starting from a simplified physical pic-
ture of EFC formation a very simple model of the phenome-
non is investigated and the possibility of its realization in real
systems, including the HTSC materials, is discussed. Specif-
ic properties of the EFC phase are identified which, when
known, may make it possible to observe the phase experi-
mentally. It is proved that the fundamental outlines of the
superconducting transition in an EFC at least do not contra-
dict the important features of the HTSC system.

2.OSCILLATOR STRENGTHS OF THE EXCITON TRANSITION

As we mentioned above, large oscillator strengths favor
the formation of a superconducting exciton-fermion con-
densate

=0, 0>1, 0=E,~E, h=1 (2)

for the non-ground-state exciton transition E, = E,. Here 0,
has the meaning of a maximum plasma frequency for this
transition, which is attained at a maximum exciton concen-

tration N_,, =~1/Q.For N, < N,,.. , the frequency of the lon-
gitudinal branch
(I)L=((l)az+mple/Nmux) " (3)

turns out to be a function that depends strongly on the num-
ber of excitons if condition (2) is fulfilled. If, however, the
following additional requirement is also fulfilled

(1)0<<EF, (DpZEF, (4)

then it turns out to be possible for the system to tune itself to
that value of N, [the frequency w; Eq. (3)] at which the
maximum possible T, is ensured." Thus, it is advantageous
to discuss in detail whether relations (2) and (4) can be
realized.

First of all, let us note that the excitons that can provide
effective pairing are those whose size a,, satisfies the condi-
tion'

AeSker ™, (5)

where k. is the Fermi momentum. Thus, if we introduce the
reduced mass of the exciton m,,, the following estimate for
@, can be derived:

001 [2M exes® 2 k[ 2. (6)

Consequently, the first term in (4) is not allowed if the exci-
ton is formed out of free-carrier wave functions. Therefore,
in what follows, we will not specify the origin of the exciton,
assuming only that it does not involve the free carriers. Then
in principle we can choose a value of m,, large enough to
satisfy (4) and (6).

For the case of an isotropic medium, the volume of the
exciton satisfies Q ~a?, . The value of a,, can be identified by
requiring that the Coulomb energy U, ~é*/¢ , a., associat-
ed with the electron-hole interaction be comparable to the
kinetic energy (6) of their relative motion. By taking (1)
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into account, we immediately obtain the universal estimate
f=1 for non-ground-state transitions of a hydrogenic exci-
ton.

For a strongly anisotropic layered medium the situation
is fundamentally different. In fact, using the simplest dimen-
sional estimate of the parameters of a 2D hydrogenic exci-
ton, and introducing the interlayer distance c¢ into the
expression for the volume Q=~a? c of such an exciton
(where e, is its size along the layer), we obtain

Rl cSEwfkre, (7

where (1), (2), and (5) are taken into account. Thus, when
k- is sufficiently small, values /> 1 are possible.

Screening effects weaken the Coulomb interaction U,
and makes it short-range. In a 3D isotropic medium this
circumstance can lead to the disappearance of bound states.
However, for the case of 2D anisotropy the size of the bound
state a., can significantly exceed the range of the weak po-
tential.'® Using the result of Ref. 13 for the energy of a shal-
low 2D level and relations (1), (2), and (5), we find

Ratlca"< (keta'c) ™!, a'=¢e./e*M... (8)

Thus, for the case of a strong 2D anisotropy it is possible
to fulfill conditions (2), (4), and (5) simultaneously.

At this point it is useful to consider the experimental
situation. First of all, something should be said about the
concept of charged phonons'* used previously to explain
large oscillator strengths observed in certain organic materi-
als.' In a recent paper'’ this concept was invoked to inter-
pret the giant oscillator strengths'®'” of certain phonon
modes of the HTSC oxides. The model of Ref. 14 was based
on the assumption that large changes in the effective charge
of an ion are possible for small ionic displacements. In this
case the frequency of the longitudinal “charged” phonon
can exceed the Fermi energy E~0.1 eV (Ref. 6), i.e., such
phonons cannot mediate pairing of the carriers. However,
once the existence of a mechanism'* for non-ground-state
oscillator transitions is established, the conditions discussed
above can be fulfilled. The quantity &, now characterizes the
number of ions in new equilibrium positions (or in higher
oscillator states), which includes the mechanism of Ref. 14.

Itis relevant at this point to discuss the phenomenon of
giant two-photon absorption'® in the excitonic portion of the
spectrum of CuCl, which is due to the anomalously large
strength of the exciton-excitonic molecule transition. As was
shown in Ref. 18, absorption at this transition is comparable
in intensity to single-photon absorption even for photo-in-
duced exciton densities of only ~10'° to 10'¢ cm >, Conse-
quently, the appearance of an EFC may be expected in sys-
tems like CuCl, in which the formation of polaron or
superconducting states is accompanied by the appearance of
a finite density of excitonic molecules, which decay virtually
into pairs of excitons and thereby ensure the strong polariza-
bility of the medium.

3.AMODEL OFEFC

Assume the energy E, of the ground-state transition
0—E, is large compared to E. Then this transition serves
only to redefine £, . For finite small densities N,, N, of exci-
tons with levels £, and E, occupied, respectively, the E, =2 E,
transition “switches on,” giving a contribution
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8,,=A/((1)oz—'ﬁ)2), AESeo(Dpz(Nx_Nz)/Nmax . (9)

to the overall dielectric constant £(w,k). In Eq. (9) the
quantity Qw; is given by the squared matrix element of the
dipole moment of the transition E, 2 E,, and naturally does
not depend on the volume of the exciton. In what follows, for
the sake of definiteness we will use the estimate (1) for wf,.

Now we must discuss the question of the admissibility
of using expression (9), first in the region of wave vectors
k ~kg, and secondly for ¢, ~€_, . First of all, it is clear that
(9) is an additive sum of the polarizabilities of the individual
excitons in the dipole approximation; therefore, the applica-
bility of (9) for calculating the intensity of non-ground-state
excitonic absorption is only limited by the admissibility of
neglecting spatial dispersion of the quantity . This limita-
tion requires that the exciton size a., be small compared to
the wavelength, as in fact condition (5) implies. A nondis-
persive transition energy o, is possible if the internal degrees
of freedom of the exciton are decoupled from the motion of
its center of mass, which we will assume holds here.

For large exciton numbers corrections to the effective
field, which decrease the bare value of w7 and lead to a global
ferroelectric transition, may turn out to be important. This
possibility can be ignored here if we assume that the quantity
o} is not a “bare” quantity, but rather is the observed value
and is fixed. Then Eq. (9) can still function as a model
expression in the region of momenta (5) for exciton densi-
ties up to the maximum value 1/Q.

The total function £(w,k) should include the screening
contribution of the free carriers, which in a range of mo-
menta~ky is comparable to £_ . Taking into account that
this is in fact the region in which we will need an expression
for e(w,k) in what follows, let us ignore screening as k—0
and use the expression

2

z Sz)z (N,—N,) ]

®
Wo &

e(w,2kr)= €, [1+ (10)

Then we can use the dielectric permittivity formalism’ to
derive a coupling constant A~1/¢ — 1/e_, 0<w <w; , of
the form

(I)Lz=(l)oz+(l)pzn', ( 11 )
n'=(N,—N,)Q,
where
_ 2ne*
He " o (12)

is the average value of the Coulomb repulsion.’
The quantity A in (11) determines that contribution F *
to the total energy density

F=E,N,+E,N,+F*(N,—N,), (13)

which is capable of compensating the ““activation” energy E,
of the excitons. Note that F* depends on the difference
N, — N,. It is easy to see that this assertion can be justified
on a deeper level than the approximation used to obtain it.
Actually, for a two-level system (the isolated transition

1008 Sov. Phys. JETP 74 (6), June 1992

E,=2E, is an example of this) it is the difference in occupa-
tion numbers that enters into the expression for the effective
Hamiltonian of the interaction.

In what follows we specify the nature of the ‘“‘compen-
sating” mechanism. First, however, it is useful to derive a
certain consequence of (13) which is independent of this
mechanism and therefore reflects the specifics of the EFC
state, and which corresponds (for 7= 0) to the equilibrium
condition?

N.=0, 9F/oN,=0. (14)

The renormalized value of the transition energy w, can be
defined as follows:

‘@o'=0F|0N,—0F|dN,=E,+E,~2E,>w,, (15)

where the latter relation is obtained by taking into account
(13) and (14). Thus, in the EFC state there is a strong in-
crease in the frequency w,. This fact should manifest itself in
the following way: in the absence of equilibrium excitons
(N, =0 for T = 0) the non-ground-state optical transition
appears as an absorption line that is photo-induced near w,.
However, in the EFC state(N,7#0 and 7 = 0) this line ap-
pears without additional irradiation, but only to the extent
that the absorption is nonadiabatic due to subsequent relaxa-
tion of the system, which changes the value of the transition
energy from w, to of (Ref. 15). Consequently, we should
observe a band of optical absorption in the EFC state that is
rather strong in proportion to 2, extending over a large
energy region

0 <<, (16)

4. SUPERCONDUCTIVITY INTHE EFC STATE

The quantity F * in (13) can be represented in the form
of a sum

F'=F,+F,, (17)

where F, is a term by the polaron shift of the Fermi energy,
and F; is the Cooper-pair energy density. In order to calcu-
late the latter we can use the results of BCS theory (see Ref.
19) and write F; in the form

F=—"[,D,A(T, n")*[1—T/T.(n")], (18)

where for the sake of argument we make explicit the depend-
ence on n* through the coupling constant (11) and the re-
normalization of the Coulomb pseudopotential'®
e
1+peln(Er/ o)’
and also the temperature dependence of the energy, which is
taken into account phenomenologically, and the supercon-
ducting gap
1+ T oy

A(T,n')=2(m.exp[—x_”. ][1—" Tc(n')] . (20)
In (18) and (20) the BCS relation must be used for the
temperature of the superconducting transition 7, (n*) as a
function of n*:

= (19)

T.(n*)=(2/7)A (0, n7), y~3,5. (21)
The partitioning (17) of the quantity F* implies that the
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renormalization of the quantity D, is small. However, situa-
tions’ can arise in which both D, and the pre-exponential
factor in (20) are strongly renormalized by the effect of a
partial metal-insulator transition on the spectrum.” These
effects are not taken into account here because they are fun-
damentally uninteresting within the framework of the model
we are using, which involves only the averaged N, and A.
Their incorporation into the model would require inclusion
of the entropy of the exciton ensemble in (13), e.g., in the
ideal gas approximation. However, it is clear that for E,/ T,
> 1 the thermal concentration of excitons will be exponen-
tially small, which shows that it is legitimate to neglect the
entropy contribution.

The simplest way to include the polaron shift F, of the
system energy is to do so within the framework of the Fermi
liquid theory?° for small coupling constants A < 1. In the op-
posite case, A > 1, it is necessary to consider the possiblity of
forming strong-coupling polarons,?’ which can lead to a
metal-insulator transition of the system along the lines of
the Wigner crystallization of polarons. We will postpone dis-
cussion of this situation and treat the case A S 1, taking into
account the renormalization of the effective mass
m*— (1 4+ A)m* of the carriers at the Fermi surface (see
Ref. 1). Then the corresponding shift of the total energy can
be found by integrating the relation between the chemical
potential (see Ref. 20) and the quasiparticle spectrum,
which gives

Ne

Fo~— [E.navyan, (22)

where N, is the density of free electrons (holes); as a variable
of integration we use the N, dependence of the Fermi energy
E and the coupling constant A [through the Coulomb po-
tential (12)].

Assembling the resulting expressions in (13), and solv-
ing the equilibrium equation (14), we can construct a phase
diagram in the space of parameters E,, T, ®,, N,, and @,
which is a rather complicated task. Therefore, some simple
cases will be investigated here.

From the requirement A — u* > 0, taking into account
(11), (12), and (19), we find the following bound

(l)o< g,

W,

Ex ( 1

=T - =pc! -2 -2)%
(1+y" ucy.)’ Be=peT (w4 2007

(23)

on the quantity o, which allows superconductivity to exist.
For w, > w, only the polaron phase of the EFC (F, = 0) can
exist. The critical point where it appears is determined by
solving (13) and (14), and taking (11) and (22) into ac-
count in the form

E=E;, E,= (mp/mo)zgg(NE)7

gV = | Ex(N)pe (V) aN. (24)

Below the critical point a finite exciton density appears:
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(25)

02 E *h
N’= = 2 [(—‘1) _1]’ E1<Ep‘
Q(l)p El

It is important that in the limit (2) of large oscillator
strengths f condition (24) is certainly fulfilled for any value
of E,. However, the number of spontaneous excitons turns
out to be small, on the order of f ~!/? as f-0.

When condition (23) is fulfilled, it is possible to have a
transition from the normal polaron phase of the EFC to the
superconducting state. In general, this should be a first-or-
der transition. Itis simplest to discuss its specifics in the limit
f— o, in which, as we have noted above, the normal EFC
phase is characterized by disappearance of the small density
of excitons. Then we may assume that the formation of the
EFC is accompanied simultaneously by the appearance of a
superconducting gap and by a discontinuity in the quantity
N,.

In the limit we have chosen, the quantities A and o,

from (11) have the form
(26)

A=pe, orro,(n)"

while expressions (13) and (18) for the energy F simplify
considerably because we now can ignore (22). In the dimen-
sionless variables x, ®, and T,

n'= (EF/(DT‘) : exp(—zx)s $>01

1+ E +
pc)* TP e"p(21 uc)*
We 0@Wp Q We

4E, (
=——~0exp| —
Y

(27)

we find the superconducting gap (20):

A(0, n*) =2Erexp(—z—B/z),

(28)
1+pc ( 1+ pe )
BE 2 1 FEEF exp - )
Ue We
and the energy density:
F=2D0Ep2w,

w=T exp(—2z) — [exp(—z—p/z) —B)*n (exp(—z—p/z) —8),
(29)

where 77(z) = 1 for z> 0 and 7(z) = 0 for z<0.
The equilibrium solution (14), N, = 0, appears when

I'<s1—-E,<E., E.=2Dy0,'Q exP( -2

1:c”c ). Go

It is useful to turn our attention to the fact that (30) is neces-
sarily fulfilled in the limit of infinite values of w,, which
corresponds in some sense to the longitudinal frequency w;
in Eq. (11) having its maximum possible value when
N, =1/9Q.

For I' - 1 — 0 the density of excitons and the supercon-
ducting gap rapidly go to zero:

n Eg\? 4B
N=-—, 'z(-— (—-—)""
T " m,)ex" /% 1)

A, 77 (0))=A(0), A(0)~2E: exp(— 12__51‘)_, 0.

A. B. Kuklov 1009



In this range the values of I of the dimensionless transition
temperature @, are small:

L3 a0 (-2, 32
8c~? 5 exp( >1—F) 0. (32)

For the temperature ®,, of absolute instability we find
0,.~/,8., 8.—~0. (33)

Because the superconducting transition under discus-
sion here turns out to be a first-order transition, the observed
value of the ratio

T'=2A(0)/T., (34)

can differ considerably from the value y = 3.5 implied by
Eq. (21). Combining (31) and (32) and taking (27) into
account, we obtain

8 B

x Y 435 (35)

In the limit @, — o0 (or I'>0) equilibrium is attained
for those exciton concentrations where

Ny=N,, NoQ=(Er/w,)*exp(—2p")<1, (36)
which corresponds to the optimum value of the frequency

o; given by Eq. (11) in (20) and (19), implying a maxi-
mum transition temperature:'

0.=0mex, Oma=exp (—2B),
1+ pet2 (1 +pe)®
T a1 14E s exp(— I het2(1Fpe)” ) (37)

Re

It is easy to see that (37) determines the transition point for
a second-order transition. Accordingly, the ratio (34) is
found to equal the value from the BCS theory.

For small finite values of I we can obtain an equation
for the line of absolute instability:

On=6nas 1—3-2-*13" exp (*/,p") T*] , (38)

and an equation for the first-order phase transitions, which
are close to second-order:

ec=em[1—rlh exp (Bll’)]’ (39)
as well as the value of y* from Eq. (34):

1 >35. (40)

T 1—TI" exp (™)

5.LINE OF CRITICAL POINTS IN THE EFC PHASE

The maximum superconducting transition tempera-
tures for fixed values of E . are attained along a line of critical
points in the multi-dimensional parameter space. Within the
framework of the approximation that we used, i.e., BCS the-
ory, the maximum transition temperature corresponds to an
extremum of the gap as a function (20) of the number of
excitons at 7 = 0. Consequently, in order to obtain the line
of critical points it is sufficient to solve the equation
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N,=0, 9A(0)/n"=0 (41)

taking into account relations (11) and (19), and then set-
ting the solution so obtained equal to the exciton density Eq.
(25) in the normal EFC polaron phase. Unfortunately, it is
not possible to solve Eq. (41) for arbitrary values of the
parameters. However, for system parameters such that the
inequalities (4) hold, the solution (36) satisfies Eq. (41).
Therefore, comparing (36) with (25) leads to an equation
for the line of critical points:

®WeWp

0r) QgWaexpiap,  (42)

close to which the maximum 7, are attained, i.e., from Eq.
(37). It is easy to see that such a region of values of w, does
exist, and lies within the interval (23). Equation (42) is a
weaker condition than (30), especially in the limit "' -0,
which determines the critical points without taking into ac-
count the polaron contribution (22) to (17). Physically the
existence of such a region is understandable from the follow-
ing considerations: because of the polaron effect, an exciton
density can be “prepared” in the normal phase of the FEC
such that a discontinuity in the number of excitons is not
required for the appearance of a superconducting gap at a
decreased temperature; for large oscillator strength (2) it is
necessary to prepare a small number of excitons, i.e., the
energy cost is small for their activation, which permits the
value of the parameter E| to be quite large. Thus, e.g., we can
obtain the bound

E'S (wy/Er)*Qg (N.)exp (2p"), (43)

which can lead to values of E; ~1 eV when (2) is fulfilled
and Eg. is small.

Near the line of critical points (42) the transition tem-
perature T, is given by the universal relation (37), indepen-
dent of the parameters w, and @, (@, >w,). In the case of a
Fermi surface of cylindrical shape, which represents the real
form of the Fermi surface in the HTSC materials rather
well,”? we have E ~N,. Accordingly, from (37) we find T,
~N, as N, -0 and an exponential decrease for large values
of N,. The qualitative description of this behavior can be
obtained by making use of quasi-two-dimensional estimates.

E=E', E =(

Er~e*[2ecpc, N.~2DEr. (44)

Substitution of (44) into (37) gives

T ex~0,23 N { [1+9(1+ ! )hj ,}
max ™~ U, —e - & —_— YA
D, P ot B KD B
w=¢g c/Doe’. (45)

The optimum T, is attained for

N5=Nop1, Nopzz0,28/)€ (46)

and lies with the range S 100-300 K (Ref. 1) for reasonable
values of x. In the optimum condition (46) there appears the
universal relation

N,,,,.zi&gDonz. (47)

Using the published data for the density of states in HTSC
materials Dy~ 1 eV~ (see Refs. 6, 22) we obtain a value of
Ny =(2-6)-10?' cm . For these values of D, and N,
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Egs. (44) give E;=0.1-0.2 eV (Ref. 6). Thus, the depend-
ence (45) agrees rather well with the experimental data of
Ref. 22 for such a simple model (see also Ref. 23).

The universality of Eq. (37) and the behavior of T, near
the critical line imply certain things about the weakening of
the isotopic shift as we approach this line (42), independent
of the nature of the exciton. In fact, the parameters of the
latter are contained only in the quantity that characterizes
the deviation (E,# E *) from the critical point T,,,, ,i.¢., the
parameter I" of Eq. (27), where in place of E, we substitute
the difference |E, — E *| [see (42)]. If for some reason or
another this parameter undergoes an isotopic shift, e.g., in
the form I'~M?%*, v>0, where M is the ionic mass, then
from (39) we can obtain the value

0=V (00x—0,) -0 (48)

of the isotopic exponent (87./7T, = — abM /M).AsT -1,
i.e.,, in the vicinity of low 7, (32), the value of a formally
becomes arbitrarily large:

o=/ (1-T)?—> oo, (49)

Let us note that decreasing o with increasing T, — T,
agrees qualitatively with the empirically observed rule (see
Ref. 24). Also noteworthy is the recently observed anoma-
lously large isotopic shift*> which accompanies the decrease
inT,.

In concluding this section let us discuss the possibility
of a spontaneous population inversion of the excitonic level
E, > E,. As we have already remarked, when the bound (23)
is violated a superconducting state in the EFC phase with
N,#0and N, = Oisimpossible. However, the formal transi-
tion in (11) from the condition N, > N, to

N,—N.>N., QN.=o.'/0,"<1, (50)

in which the smallness in (23) of the frequency o, is no
longer implied, leads to a coupling constant

N
N—N—N, "

c

which ensures the existence of the superconduting gap (20),
at least in the region N, — N, - N, + 0. However, it is clear
that N, given by Eq. (50) is that critical value of the popula-
tion of the level E, (N, = 0) at which the longitudinal fre-
quency @, givenin (11) reduces to zero; this implies that a
charge-density wave appears near the Fermi surface and ac-
companies the exciton polarization wave. Thus, a supercon-
ducting state in the EFC phase with a population inversion
of excitonic levels should be accompanied by the appearance
of a nonuniform superstructure of this kind,*and the large
coupling constant (51) is a consequence of the strong over-
screening in a state with the charge-density wave (see Ref.
1).

6.DISCUSSION OF RESULTS

It is usually assumed that the role of excited states that
lie considerably above the Fermi energy reduces only to a
redefinition of the high-frequency susceptibility of the sys-
tem, which suggests that their influence on the dynamic be-
havior of low-energy processes at the Fermi surface can be
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neglected. However, as was noted first in Ref. 26, such states
are fundamentally important for metal-insulator transi-
tions, which in essence are interpreted®® as the spontaneous
population of high-energy but delocalized states by elec-
trons, where the cost in energy is compensated by the effect
of screening of the Coulomb interaction. In fact, analogous
considerations applied to a classical system of Frenkel de-
fects are invoked to describe the superionic transition in Ref.
27.

The primary intent of the discussion of the EFC model
given here is to draw attention to the fundamental role which
non-ground-state excitations possessing large oscillator
strengths can play in a metal. It has been shown that under
certain entirely realistic conditions it is energetically favor-
able for a metal to undergo a transformation in such a way
that a certain quantity of excitons are spontaneously creat-
ed, which are generally speaking high-energy and thus easily
polarized. The compensating mechanism can be the polaron
shift of the Fermi energy (up to the transition from the me-
tallic state to a Wigner insulator) as well as the appearance
of superconductivity.

It is significant that the formation of a superconducting
state in the EFC phase is clearly possible in the limit of large
plasma frequency w, of the non-ground-state exciton transi-
tion given by (1), whereas for the ground-state exciton this
is the very limit in which the superconductivity of the metal
disappears due to the absence of suppression of the Coulomb
repulsion. We also note that for large w, the effect of EFC
formation makes possible a self-consistent readjustment of
the system so that the values of the parameters’ that deter-
mine the maximum superconducting transition temperature
are optimized.

The requirement of large values of w, does not presup-
pose that the exciton binding energy be comparable to the
width of the forbidden gap. On the other hand, the energy of
the ground-state exciton E,, as is clear for (30) and (42),
can be rather large. Consequently, the appearance of the
EFC does not lead directly to the formation of a state of
excitonic-insulator type.?® However, as was noted by B. A.
Volkov and Yu. V. Kopaev, the condition for spontaneous
appearance of excitons can be described in terms of strong
renormalization of the energy E, of the ground-state exciton
down to zero. Thus, the question of the role played by insula-
tor formation of the type discussed in Ref. 28 becomes im-
portant. Nevertheless, the discussion given here shows that
coherence of the excitonic ensemble is not a necessary condi-
tion for formation of an EFC. Therefore, we can hope that
the subsequent inclusion of collective intrinsic exciton ef-
fects will not change the fundamental results of the model.

In connection with the HTSC problem, it is useful to
note some fundamental characteristics of the effect dis-
cussed here. The formation of a superconducting EFC state
takes place through a first-order phase transition which is
close to second order, i.e., it is accompanied by a discontin-
uity in the gap, which agrees with the experimental data (see
Ref. 22).

The maximum temperatures (37) are attained on a line
of critical points of the normal-superconducting phase tran-
sition for the EFC, near which the isotope effect has neither a
direct nor indirect influence on T, . This latter circumstance
is correct no matter what sort of exciton transition is in-
volved, and agrees with the empirical rule that the isotopic
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shift of T, is small in HTSC oxides which exhibit high values
of T, (Ref. 24).

Within the model discussed here, it is possible to obtain
a linear dependence of T, on the carrier density when the
latter is small without making the assumption of Ref. 23, i.e.,
treating the superconducting transition as a process involv-
ing Bose condensation of quasi-two-dimensional localized
pairs.

One problem posed by HTSC is that it is difficult to
reconcile the large value of the ratio y* =8 [Eq. (34)] with
the absence of an optical Holstein structure.?® In the EFC
model the deviation of ¥* from the value given by BCS theo-
ry is due not so much to the strength of interaction as to
proximity to the line of critical points. Accordingly, a large
y* is possible even in the weak-coupling limit, in which the
Holstein structure does not appear.

A characteristic feature of the EFC is the presence of a
wide optical absorption band [see (16) and (15)] which
extends from the small energy w, (on the order of the exciton
binding energy) of the non-ground-state transition up to
double the energy of the ground-state exciton 2E,. The in-
tensity of this band is practically independent of tempera-
ture. As is well-known, the optical spectra of HTSC materi-
als exhibits an extensive background with similar
properties,?> which is interpreted®® to be a manifestation of
the presence of strong-coupling polarons. However, realiza-
tion of a strong-coupling polaron regime in the oxides is
problematic because the resistive measurements in the nor-
mal phase give values of 4 < 1 (Ref. 22). Furthermore, there
is evidence for the existence of a well-defined edge to the
Fermi surface,?? which also argues against large coupling
constants.>® It is easy to see that in the model presented here
the appearance of a wide absorption band induced by spon-
tanteous excitons is permitted even for small 4, i.e., in the
region of applicability of Fermi liquid theory, as shown by
Eq. (11). Furthermore, unlike the optical effects of Ref. 30
caused by strong-coupling polarons, the appearance of this
band appears to have a threshold with regard to the concen-
tration N, of free carriers [see Egs. (24) and (25)] near
which we should observe features which are characteristic of
phase transitions.

Thus, it is worthwhile to investigate photo-induced IR
absorption lines experimentally in the insulating phase of
HTSC materials for differing degrees of doping. One indica-
tion of a phase transition into the EFC state is suggested by
the appearance at a certain concentration N, of a wide band
which extends from the low energy @, up to large energies
E,, where w, determines the position of the photo-induced
resonance while E, corresponds to that frequency of the ex-
ternal pump signal for which this resonance is a maximum.
Similar experiments should also be carried out on the mate-
rial CuCl, which demonstrates a gigantic two-photon ab-
sorption.'® In this case a wide band of single-photon absorp-
tions should appear at a certain degree of doping (donors or
acceptors), starting near the bi-exciton binding energy.

I am deeply grateful to B. A. Volkov, Yu. V. Kopaev,
and his co-workers who took part in discussions of this work,
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for useful discussions and critical comments. In addition, I
am grateful to V. N. Bondarev, N. M. Plakid, and V. A.
Fedorin for discussing the results of the paper.

YEstimate (1) is violated when the system is close to a transition point
into a state with a charge-density wave, where it is possible for soft longi-
tudinal excitations to exist (see Ref. 1).

IThe situation in which a spontaneous population inversion N, > N, is
possible, which requires a separate discussion, will be addressed partially
in what follows.

3Starting from other considerations, the authors of Ref. 10 suggested ear-
lier that there was an interrelation between the superconducting transi-
tion and the appearance of a crystalline superstructure in HTSC com-
pounds.
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