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A consistent pairing theory of carriers in real (r ) andk space is developed. The pairing of different free (F),
delocalized (D), and localized (L) carriers inr space leading to the formation of various bipolaronic states is
considered within the continuum model and adiabatic approximation, taking into account the combined effect
of the short- and long-range components of the electron-lattice interaction with and without electron correla-
tion. We calculate the formation possibility ofD and L bipolarons and determine their concrete formation
criteria as a function of«`/«0. The pairing scenarios of carriers ink space leading to the formation of different
bipolarons~including also Cooper pairs or dynamic bipolarons! are considered within a generalized BCS-like
model, taking into account the combined phonon- and polaron-bag-mediated processes. It is shown that the
pure BCS pairing picture is the particular case of a more general BCS-like one, and Bose-Einstein condensa-
tion of r -space or ideal-Bose-gas bipolarons is irrelevant to the superconductivity phenomenon. The possible
relevance of the results obtained to the high-Tc superconductors is discussed in detail in the framework of a
two-stage Fermi-Bose-liquid scenario of superconductivity that is caused by single-particle and pair conden-
sation of attracting bipolarons.@S0163-1829~96!00533-4#

I. INTRODUCTION

As is generally known, the pairing of carriers in supercon-
ductors plays an important role in the formation of the su-
perconducting~SC! state. In connection with the discovery
of the high-temperature superconductors~HTSC’s! various
pairing mechanisms under different names~such as phonons,
excitons, plasmons, polarons, local pairs, peroxitons,
electron-charge and spin bags, solitons, magnons, etc.! have
been discussed.1–8 In many versions of these pairing theo-
ries, two limiting cases are considered, namely, the forma-
tion of a BCS-likek-space pairing state1–7 and of a spatially
separated bipolaronic real- (r -) space pairing one.1,2,6,7 In
both limiting cases the appearance of the SC state is assumed
possible. However, a very controversial question in the
theory of superconductivity is the relevance to the supercon-
ductivity of the pairing of carriers inr space. According to
the Landau criterion, an ideal Bose gas~BG! is not
superfluid,8 while the BCS-likek-space pairing may have
some relation to the superconductivity. Such pairing of car-
riers at least is necessary for studying their collective prop-
erties, which are very important in the establishment of the
following key scenarios of SC phase transitions.9–11 There-
fore, studying the relationship of the above two versions of
pairing to each other is of particular interest. The present
paper is devoted to discussion of this question. First we con-
sider the possibility of formation of different types of bipo-
larons in ther -space pairing approximations. The ground
state of electrons and holes in solids is the self-trapped
~i.e., polaronic and bipolaronic! state. This is discovered
in many classes of substances, such as alkali halides,

rare-gas solids, oxides, organic molecular crystals, and
semiconductors.7,12–15In other words, due to strong electron-
lattice interaction, the free (F) or itinerant state of carriers
becomes unstable and leads to the formation of ther -space
large@delocalized (D)# polarons or even the small localized
(L) polarons. Further, we consider the pairing of polarons
within the k-space approximation.

II. THE PAIRING OF POLARONS IN r SPACE

The question of the possibility of formation of large bipo-
larons ~in our contextD! was first considered by Pekar.14

Pekar used a variational method without taking into account
the short-range component of the electron-lattice interaction
and electron correlation within the continuum model and
adiabatic approximation. It was shown that in such approxi-
mations the formation ofD bipolarons is impossible. Later, a
similar approach was used by Vinetskii15 to consider the for-
mation possibility of two-centerD bipolarons. It was found
that the formation of suchD bipolarons becomes energeti-
cally favorable under the conditionx5«`/«0<0.05~where«0
and«` are the static and high-frequency dielectric constants!
and their binding energyEbB;3–4% of twice the polaron
energy (2EP). In Ref. 15 ~see also Ref. 16! the important
role of the short-range electron-lattice interaction in the for-
mation of one-centerD bipolarons in the absence of electron
correlation was pointed out also. In Ref. 17, in contrast to the
above, the possibility of formation of Pekar’s bipolarons~or
one-centerD bipolarons! at x,0.018 with binding energy
EbB.0.0432EP ~at x→0! is assumed. However, the valid-
ity of such an assertion is doubtful. Further, according to
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Ref. 18 the formation of two-centerD bipolarons considered
in Ref. 15 is also unlikely. In Ref. 19~see also Ref. 20! the
question of Pekar’s bipolaron is considered within a varia-
tional method taking into account the electron correlation.
There the formation possibility of suchD bipolarons in a
wide region of valuesx<0.125 is shown, with the binding
energy reaching up to 22%~at x→0! of twice the polaron
energy.20 Further, this problem is investigated in Ref. 18,
using the path integral method, by Adamowski, who ob-
tained almost the same results. In Ref. 21, using this method
and taking into account both the long- and the short-range
components of the electron-lattice interaction as well as the
electron correlation, the formation possibility ofD and L
bipolarons is studied. The existence region of theD bipo-
larons was found to be comparatively narrow~i.e., 0<x
,0.079! and their binding energy was not evaluated. In Ref.
22 a softer criterion for Fro¨hlich D bipolaron formation at
x,7/15 was obtained. However, this is incorrect.23 The for-
mation of theL bipolarons in the absence of long-range
electron-lattice interaction and with incomplete inclusion of
electron correlation was studied in Ref. 25. Thus the forma-
tion possibility ofD andL bipolarons both with and without
inclusion of electron correlation and short-range electron-
lattice interaction has not been investigated sufficiently yet.

A. The pairing of polarons without electron correlation

The total energy of the two-electron1crystal lattice sys-
tem in the continuum model and adiabatic approximation is
given by the functional form

EB@C,D,F#5E E dr1dr2C~r 1 ,r 2!F2
\2

2m1
¹1
22

\2

2m2
¹2
2

1
e2

«`ur 12r 2u
GC~r 1 ,r 2!

1E dr1dr2@EdD~r 1!1EdD~r 2!#C
2~r 1 ,r 2!

1E dr1dr2@2eF~r 1!2eF~r 2!#C
2~r 1 ,r 2!

1
K

2 E drD~r !21
«̃

8p E dr@DF~r !#2,

~2.1!

whereC(r 1 ,r 2)5C(r 1)C(r 2) is the electron wave function
at the coordinatesr 1 and r 2, D(r ) is the deformation of the
lattice, F(r ) is the electrostatic potential due to the ionic
displacement polarization,Ed is the deformation potential of
the electron,K is an elastic constant, and«̃5«`/~12x! is the
effective dielectric constant. The functional~2.1! after mini-
mizing first with respect toD andF and then with respect to
a trial wave function chosen in the form26

C(r )5(a&/a0)
1.5 exp@2p(ar /a0)

2# ~where a is the di-
mensionless variational parameter characterizing the degree
of localization of the carrier anda0 is the lattice constant!
has the form

EB~a!52B~a22gs2a
32gl2a!, ~2.2!

where B53p\2/2m* a 0
2, gs252gs1, gs15Ed

2/2Ka 0
3B,

gl25gl1(122x)/(12x), andgl15e2/ ẽa0B. The functional
~2.2! depending on the quantitiesgs2, gl2, andx may have
one minimum at a5aD,1 or two at a5aD,1 and
a5aL51, which are separated by the energy barrier

EaB5
8B

27gs2
2 F12

6y~122x!

~12x! G3/2. ~2.3!

The energy of theseD andL states of bipolarons is deter-
mined from

EB~aD!5
2B

27gs2
2 F2218y

~122x!

12x

22S 126y
~122x!

~12x! D 3/2G , ~2.4!

and

EB~aL51!52B~12gs22gl2!, ~2.5!

respectively, wherey5gs1gl1. In Eq. ~2.2!, if we substitute
gs1/2, gl0(12x), andB for gs2, gl0(122x), and 2B, respec-
tively, then we obtain the functional of the polaron total en-
ergy Ep~a!. The binding energy of the bipolaron is deter-
mined by the difference

EbB5uEB22Epu ~2.6!

whereEp andEB are the polaron and bipolaron energy, re-
spectively. Then, for the formation criterion of the stableD
and metastableL or D (L) states of bipolarons from the
inequalityEB(aD)22Ep(aD),0 we have~cf. Refs. 15 and
16!

9y
1

12x
2F126y

122x

12x G3/214~123y!3/2,3. ~2.7!

The formation condition of theL bipolaron only has the form

x,F11
y

gs1
2 G21

~2.8!

with the additional condition forx,0.5

y.
~12x!

6~122x!
, ~2.9!

while the formation of the stableL and metastableD or L
(D) states of bipolarons is possible at

y.gl0x~12x!, ~2.10!

where gl05e2/«`a0B. The dependence of the ratio ofD
bipolaron binding energyEbB(D) twice theD polaron en-
ergy 2EF(D) on x for different values ofy is presented in
Fig. 1. The phase diagram for stable bipolaronic states in
two-dimensional coordinate space (x,y) is shown in Fig. 2.

B. The pairing of polarons with electron correlation

For the calculations of the ground-state energy of a po-
laron and bipolaron by using the variational method in the
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continuum model and adiabatic approximation, the func-
tional of their total energies after minimizing with respect to
lattice deformation and polarization can be written in the
form

Ep$c~r !%5
\2

2m* E @¹c~r !#2dr

2
e2

2«̃ E c2~r !c2~r 8!

ur2r 8u
dr dr8

2
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where c(r ) and C(1 ,r 2) are one- and two-electron wave
functions, respectively. In order to minimize Eqs.~2.11! and
~2.12! with respect toc(r ) andC(r 1 ,r 2) the trial functions
are chosen in the form23

c~r !5Nexp@2~sr !2#, ~2.13!

C~r 1 ,r 2!5N$11b~sr 12!
2 exp@2s2~r 1

21r 2
2!#%,

~2.14!

wheres andb are the variational parameters characterizing
the carrier localization and the correlation between them, re-
spectively,N is the normalization factor, andr 12 is the dis-
tance between the carriers. Substitution of Eqs.~2.13! and

~2.14! into Eqs.~2.11! and~2.12! and then calculation of the
integrals and introduction of the dimensionless parameters

g5\v/@~p\!2/2m* a0
2#, gl52e2/\v0«̃a0 ,

gs5Ed
2/\v0Ka0

3, U52e2/\v0«`a0 ~2.15!

give ~in units of the Debye energy\v0!
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3

p2g
a22
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gl
2p1/2 a, ~2.16!

EB~a,b!5
6C1~b!

p2gC2~b!
a22
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2~b!

a32F 2glC4~b!

p1/2C2~b!

2
UC5~b!

p1/2C2~b!Ga, ~2.17!

wherea5sa0 and

C1~b!5112b113b2/4, C2~b!5113b115b2/4,

C3~b!5119b/21309b2/3211395b3/128

123 745b4/4096,

C4~b!51111b/21449b2/3212301b3/128

143 545b4/4096,

C5~b!5112b12b2.

The mean size~or radius! of a polaron and bipolaron is easily
calculated according to the determination of the mean value

^r 2&5E r 2c2~r !dr and ^r 12
2 &5E r 12

2 C2~r 1 ,r 2!dr1dr2 ,

from which we find

dp5A^r 2&5s21A3/2 and

dB5A^r 12
2 &5s21A1.5C6~b!/C2~b!, ~2.18!

where C6~b!5115b135b2/4. At gl50 and strong short-
range electron-lattice interaction, only small-radius (dB;a0)
L bipolarons can be formed. Such bipolarons are also formed

FIG. 2. The phase diagram for the stableD and L states of
bipolarons in the coordinates space (x,y).

FIG. 1. The dependence of the ratio of the binding energy of the
D bipolaron to twice that of theD polaron onx at differenty: ~1!
y50.05, ~2! y50.1, ~3! y51/6, ~4! y50.17, ~5! y50.178.
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at glÞ0 andgsÞ0, and under certain conditionsD and L
bipolarons can coexist. In the case of theL polaron and
bipolaron formation it is usually accepted thatdp(L)5a0
anddB(L)5a0 The binding energy ofD andL bipolarons is
determined from Eq.~2.6! after minimizing the functionals
~2.16! and ~2.17! with respect toa andb.

C. Numerical results and their discussion

For alkali halides and HTSC’s the width of the upper
valence band is; 1 eV,12,14,27,28and the Debye energy is
;1022 eV. So the condition of the adiabatic approximation
g;1022!1 is well satisfied. Then at«`;5 anda0;5A we
haveU;100. Therefore in the calculations ofEp~a! and
EB~a,b! we may putgs, gl , and U;0–120 andg;0.02.
Below, the results of the numerical calculations for the cases
gs50, glÞ0; gsÞ0, gl50; andgsÞ0, glÞ0 are presented.

1. Long range electron-lattice interactions and the formation of
large-radius delocalized bipolarons

The numerical results show that the role of the correlation
between carriers is crucial inD bipolaron formation atgs50
as was pointed out in Ref. 19. The dependence of the ratio of
D bipolaron binding energyEbB(D) to twice theD polaron
energy 2Ep(D) on «`/«0 is illustrated in Fig. 3. The depen-
dence of the ratiodB/dp on«`/«0 is also presented. As shown
in this figure, the ratioEbB(D)/2Ep(D), calculated by means
of trial functions~2.13! and~2.14!, is;0.22 at«`/«0→0 and
the formation of aD bipolaron is possible at«`/«0<0.13.
These results are very close to those of Suprun and
Moizhes19 ~see also Ref. 20!, which were obtained by means
of somewhat different trial functions than Eqs.~2.13! and
~2.14!. From Fig. 3 it is also clear that with the decreasing of
the ratioEbB(D)/2Ep(D), dB/dp increases, i.e., the size of a
D bipolaron increases with increase of«`/«0 more quickly
than the size of aD polaron.

2. Short-range electron-lattice interaction and the formation of
continuum small-radius self-trapped bipolarons

In Ref. 23 the electron correlation effect is taken into
account in the kinetic and Coulombic repulsive energies of
the electrons. Here these effects are taken into account in all

terms of the total energy of the considered system. The de-
pendence of the ground-state energy ofL bipolarons on the
parameter of electron correlationb at gl50, g50.02, and
U540 is presented in Fig. 4. As is evident from this figure,
the role of the electron correlation is highly important also in
the formation of the continuum small-radiusL bipolarons,
and the decrease of the total energy of such bipolarons in
comparison with the case without electron correlation is
three times larger.

3. The combined effect of the short- and long-range electron-
lattice interaction on the formation of delocalized

and localized bipolarons

Our numerical results show that in the presence of elec-
tron correlations andglÞ0 the role of a short-range electron-
lattice interaction is also essential in the formation of bothD
and L bipolarons. In the present case the dependence of
EbB(D)/2Ep(D) on «`/«0 has the form shown in Fig. 5. In
this figure, forgs570 andgl520, the ratioEbB(D)/2Ep(D)
reaches up to 0.372~at «`/«0→0! which is almost two times
larger than 0.22 obtained atgs50. Further, the formation

FIG. 3. The dependence of the ratiosEbB/2Ep ~solid line! and
dB/dp ~dotted line! on «`/«0 for D bipolarons atgs50.

FIG. 4. The dependence of the ground-state energy of theL
bipolaron on the parameterb.

FIG. 5. The dependence of the ratioEbB/2Ep on «`/«0 for D
bipolarons at~1! gs520, gl550 and~2! gs570, gl520.
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of a D bipolaron becomes possible in a wider region of the
values«`/«0,0.16. Now from the relation~2.15! we have

U

gl
5S 12

«`

«0
D 21

.1. ~2.19!

In the two-dimensional space of the parameters (gs,U), the
phase diagrams of the stable states of carriers in the short-
and long-range field of the lattice forg50.02 andgl50, 20,
50, 80 are presented in Fig. 6~cf. the analogous phase dia-
gram obtained in Ref. 21 with the path integral method!. The
results obtained by us allow us to make the following con-
clusions.~a! At gl50 and comparatively small values ofgs
the stable state of carriers is the free~or Bloch! state, and
with the increase ofgs this state becomes metastable~at gs
.gs* and the value ofgs* grows with increasingU! and the
L bipolaron state is stable@Fig. 6~a!#. ~b! At small gs andgl
the D state of the polarons and bipolarons is stable and at
large enough values ofgs the L bipolaron state is stable
@Figs. 6~b!, 6~c!, and 6~d!#. ~c! with increasingU, decay of
theD andL bipolarons into twoD andL polarons occurs.

III. THE PAIRING OF POLARONS IN k SPACE

The above self-trapping scenarios of carriers and their
subsequent pairing leads to the formation of spatially sepa-
rated polarons and bipolarons with zero bandwidth as an
ideal Fermi gas and BG, respectively. Hence separate levels
of polarons and bipolarons are formed in the energy gap of
semiconductors, insulators, and HTSC’s. However, with in-
crease of the concentration of polarons their bandwidth be-
comes nonzero. At a definite bandwidth of the polarons their
pairing may be considered in thek space as in BCS-like
theory ~see also Refs. 5, 7, and 29!.

The Hamiltonian of the multicomponent Fermi-gas sys-
tem with pair interaction between particles has the form9,10

H5(
nks

@«~k!2mFn#anks
† anks

1
1

2V (
nk,lk8

Vnl
F ~k,k8!ank↑

† an2k↓
† al2k8↓alk8↑ ,

~3.1!

where «(k)5\2k2/2mFn ,mFn and mFn are the mass and
chemical potential of thenth polaron, respectively,anks

†

(anks) the creation~annihilation! operators of these polarons
in stateunks&, k ands their wave vector and spin indices,
respectively, Vnl

F (k,k8) is the pair interaction potential
~which has both an attractive and a repulsive part! between
thenth andl th polarons,V is the volume of the system, and
n,l5$1,2,...,n%, n<4. The Hamiltonian~3.1! is diagonalized
by the standard Bogoliubov transformation of Fermi opera-
tors. Then in the excitation spectrum

vFn~k!5A«̃Fn
2 ~k!1DFn

2 ~k!

there aren energy gaps determined from

DFn
~k!52

1

V (
k8,l

Vnl
F ~k,k8!

DFl~k8!

EFl~k8!
tanh

EFl~k8!

2T
,

~3.2!

where «̃Fn(k) is the energy of thenth polaron measured
relative tomFn and a repulsive Hartree-Fock potential~which
can be incorporated and denoted asm̃Fn! ~see also Ref. 30!.
For simplicity we consider the caseVnn

F (k,k8)Þ0 and

FIG. 6. The phase diagram on the$gs ,U%
plane of polarons (P) and bipolarons (B) at ~a!
gl50, ~b! gl520, ~c! gl550, and~d! gl580.
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Vnl
F (k,k8)50(nÞ l ). Further, we use the usual BCS-like

approximation8 for Vnn
F (k,k8):

Vnn
F ~k,k8!

5H VRn
F 2VAn

F

VRn
F

0

if «~k!,«~k8!,EAn5EbB1\v0 ,
if EAn,«~k!, «~k8!,ERn ,
if «~k! or «~k8!.ERn ,

~3.3!

whereEAn andERn are the cutoff parameters for the hybrid
attractiveVAn

F ~which has both phonon- and polaron-bag at-
tracting parts! and the repulsiveVRn

F part of the potential
Vnn

F (k,k8), respectively, in the nth polaronic band,
EAn!ERn . Then we determine the depairing temperature of
the nth bound polaron pairs TFn and the ratio
gFn52DFn/TFn as

TFn.1.14~EbB1\v0!exp~21/gFn! ~3.4!

and

gFn53.52, ~3.5!

where gFn5ṼFnDFn , ṼFn5VAn2VRn* , VRn* 5VRn /@1
1DFnVRn ln(ERn/EAn)# andDFn are the effective interaction
potential and density of states in thenth polaronic band,
respectively. Here the combined phonon- and polaron-bag-
mediated processes are taken into account as in the case of
the combined electron- and phonon-mediated ones in Ref. 4.
The expression for the cutoff energy obtained within the
spin- and correlation-bag approaches5,31 is also similar to the
results of Ref. 4. So our approach is a modified and gener-
alized variant of the BCS theory. In the absence of static
lattice deformation@which occurs in many low-temperature
superconductors~LTSC’s!# EbB50 and we have a pure BCS
picture. In general, a pure BCS pairing is possible only inF
states of carries, whereas in theirD and L states the com-
bined BCS and non-BCS~i.e., polaron bag! pairing is always
realized. Further, when the Fermi energy of thenth polarons
EFn,(EbB1\v0) ~which takes place in, e.g.,32 3He! the cut-
off energy in Eq.~3.3! is replaced byEFn ~see Ref. 33! or the
width of the polaronic band.29 In the case of 0<VRn*
<VAn , 0,ṼFnDFn<1, and the above modified BCS-like
pairing theory of polarons is quite applicable.

IV. DISCUSSION OF THE RESULTS
AND THEIR POSSIBLE RELATION
TO HIGH- Tc SUPERCONDUCTIVITY

Now we compare the theoretical results obtained with ear-
lier existing ones and experimental situations, as well as the
distinctive features ofF, D, andL states of pairing carriers
responsible for the realization of the different SC states. The
ground states of carriers, which depend on the quantity of
short- and long-range electron-lattice interactions as well as
the Coulomb repulsion between them, areF, D, andL states.
It is clear that the carriers inD and L states are static po-
larons and bipolarons, whereas they inF-states they are dy-
namic. From the above it follows that not only electron cor-
relation but also the short-range electron-lattice interaction

play an important role in the formation ofD and L bipo-
larons. As is clear from Eq.~2.7! the formation ofD bipo-
larons without electron correlation is impossible both for
gs150 and forgl150 ~cf. Refs. 15 and 16!, while according
to Eq.~2.8! the formation ofL bipolarons is impossible only
for gs150 but forgs1Þ0 it becomes possible for anygl1 ~cf.
Ref. 16!. So the short-range electron-lattice interaction plays
a crucial role in the formation of not onlyL ~cf. Ref. 25! but
alsoD states of bipolarons~cf. Refs. 15 and 16!. Unlike the
L bipolarons, the formation ofD bipolarons is possible with-
out such interaction also. The binding energy of aD bipo-
laron in the absence of electron correlation may reach up to
21% twice of the polaron energy 2Ep(D) ~at x→0! and the
existence region of the bipolaron is sufficiently wide,
x<0.075. It should be noted that atgs150 andgl1Þ0 the
inclusion of the electron correlations within the path integral
method gives nearly the same result for the existence region
of D bipolarons,x<0.079.21 Further, some variational calcu-
lations indicate that, with the inclusion of electron correla-
tion at gs150 and gl1Þ0, the ratio EbB(D)/2Ep(D)
.0.22.19,20 It is interesting that inclusion of either the elec-
tron correlation~at gs150! or the short-range electron-lattice
interaction~at gl1Þ0! gives nearly the same results, while
inclusion of both the short-range electron-lattice interaction
and the electron correlation leads to an essential increase of
the binding energy ofD bipolarons, reaching up to 37% of
twice the polaron energy, and to a noticeable broadening of
their existence region up tox<0.16. So the formation possi-
bility of D bipolarons in real materials without and with
electron correlation is restricted by the conditionsx<0.075
andx<0.16, respectively, which are satisfied in some com-
pounds, such as TiO2 ~«`.6–7.2, «05170!,34 SiTiO3
~«`55.2, «052300!,19 oxide HTSC’s ~«`52–5,
«0550–85!,16,35BaO~«`54, «0534!,34 metal-ammonia solu-
tions ~«`51.8, «0522!,17 and probably in others~e.g., or-
ganic HTSC’s, intermetallic compounds, Ti4O4, etc.!. The
formation conditions~2.8!, ~2.9!, and~2.10! for L bipolarons
are satisfied in many compounds. Thus the experimental ob-
servation of small bipolarons~possibly above the continuum
L bipolarons! and the absence of such evidence forD bipo-
larons most probably are caused by these circumstances.18

The observed deep localized states in the energy gap, effec-
tive mass of carriersm*.(10–30)me , and coherence length
j.4–50 Å in oxide and organic HTSC’s indicate the exist-
ence there ofD andL polarons and bipolarons.12,13,36–39It is
reasonable to assume that increasing the concentration ofD
andL polarons and bipolarons having thick local deforma-
tion clouds leads to the overlap of their deformation clouds,
which later on become thinner but more extended. This leads
to decreasing of the lattice deformation orm* andEbB and
broadening of the bandwith of polarons and bipolarons. In
such situations the pairing of carriers cannot be considered in
r space. The collective effects then lead to modulation of the
basic parameters of pairing polarons~see also Ref. 5!. In the
present case, thek-space approximation is better suited for
study of the pairing of polarons.

We now discuss the possible relevance of our results~in
particular, the distinctive pairing features ofF, D, and L
carriers! to the superconductivity mechanism in different su-
perconductors. In theF state of carriers the static lattice de-
formation is absent. The pairing ofF carriers is possible if
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we consider the dynamic effects of their dressing in the pho-
non cloud, i.e., their interaction with the virtual phonons. In
the present case dynamicF polarons and bipolarons~i.e.,
Cooper pairs! are formed. The conventional BCS theory of
superconductivity~see Refs. 9–11! describes only the Coo-
per pairing processes of suchF polarons by means of pho-
non exchange. The BCS theory may be modified also to the
cases of the pairing ofD andL polarons, analogous to the
exciton, plasmon, and other nonphonon pairing mechanisms
of carriers.2,4 Here the contribution of both the dynamic and
static lattice deformations, i.e., the combined phonon- and
polaron-bag-mediated processes, should be taken into ac-
count in the pairing ofD andL polarons, as for phonon- and
electron-bag-mediated processes.4 Then the depairing tem-
perature of these polarons may be determined by Eq.~3.4!.

It is evident that the pairing mechanism of carriers is pho-
non and polaron mediated atEbB!\v0 andEbB@\v0, re-
spectively. The first takes place forD and especiallyF po-
larons and the second forL polarons. Indeed, for HTSC’s the
Fermi energy EF;7eV,40,41 B;1 eV,7 K;1.431012

dyn/cm2,42 a0.4 Å, Ed.(2/3)EF.4.66 eV,x.0.03–0.10,
gs1.0.19, EbB(D).0.01–0.04 eV~for x50.04–0.05 and
y50.16–0.17!, EbB(L)50.24–0.31 eV~for x50.04–0.05
andy.0.217–0.260!, and\v0.0.06 eV.43 For x50.05 and
y.0.16 the mean size ofD and L bipolarons is
dD.a0/aD.a0 and .a0, respectively, which agree well
with the observed values of the coherence lengthj.4–10 Å
in HTSC’s.37 The effective mass ofD polarons ismp*
5p2\2/2dp

2Ep(D).4.27me ~the mean size of theD polaron
dD;aD/aD>2a0! and that of L polarons is
;p2\2/2a 0

2Ep(L).7.23me . Then, according to Ref. 15 the
effective masses ofD and L bipolarons are equal tomB*
54mp*.12me ~for x50.05 andy50.16! and .17me ~for
«`52.5 andx50.05!, 529me ~for «`53 andx50.05!, which
also agree well with the observed values of the effective
masses of carriers,m*.(3–30)me and .~10–30!me , re-
spectively, in titanates and oxide HTSC’s.12,13For the deter-
mination of TF according to Eq.~3.4! it is reasonable to
assume thatgFn.0.35 @usually gFn.0.25–0.50~Refs. 44
and 45!#. Then forD andL bipolarons with binding energies
EbB(D).0.03 eV andEbB(L).0.24 eV,EbB(L).0.26 eV,
we find TF.68, >227, and.242K, respectively. Appar-
ently, the disappearance of some order parameters belowTc
near T.60–70 K,46 and phase transitions aboveTc at
T.230–240 K,47 in HTSC’s are caused by the depairing of
suchD andL bipolarons. In the Fermi system the pairing of
carriers and the formation of their BCS-like state is only a
necessary but not a sufficient condition for the appearance of
superfluidity9 ~superconductivity! ~see also Ref. 2!. Indeed,
in this system the SC phase transition may be considered as
a two-stage process accompanied as a rule, by the formation
of composite bosons~F, D, and L bipolarons!, with their
subsequent transition to the superfluid state by means of
single-particle and pair condensation.10,11 So the appearance
of superconductivity is possible with the existence of order
parameters of both attracting fermion pairsDF ~determined
according to the above BCS-like theory! and boson pairsDB
~determined according to the single-particle and pair conden-
sation theory of composite bosons10,11!. According to Refs.
9–11 the critical temperature of the SC transitionTc for the
so-called fermion superconductors~FSC’s! [DF(T5TF)

5DB(T5TF)50] and boson superconductors,~BSC’s!
@DB(T5TB)50 andDF(T5TF.TB)50# is determined as
Tc5TF5TB>TBEC ~whereTBEC is the Bose-Einstein con-
densation temperature of an ideal BG! andTc5TB,TF , re-
spectively. In FSC’s, nearT5TF , the number of composite
bosonsnB(T)!nB(0) and they may be considered as an
ideal BG, while in BSC’s nB(T).nB(0)5const up to
T5TB . For a three-dimensional attracting BGTB.TBEC@1
11.427gBATBEC/zA#,11 wheregB is the boson-boson cou-
pling constant,zA is the cutoff parameter for the attractive
part of the boson-boson interaction potential, andgB!1,
TBEC/zA!1.

We now estimateTBEC andTc5TB at nB5nB(0) for D
and L bipolarons. At nB~0!.1021 cm21 for mB*.12me ,
17me, and 29me , we find TBEC.244, 172, and 101 K, re-
spectively. Then, assuminggB.0.2 andTBEC/zA.0.1 we ob-
tain Tc5266, 187, and 110 K, respectively. Indeed, in
YBa2Cu3O72x the SC transition is observed in the interval
Tc.110–220 K.48 As is clear forD bipolaron,TF!TB when
nB.nB~0!. However, atT→TF the number of suchD bipo-
larons rapidly decreases and as a resultTB→TBEC→TF . For
the two types ofL bipolarons withmB*.17me and.29me

the condition TF.TB is satisfied. Here the value of
Tc5TB.110–187 K is very close to the observed values of
Tc in HTSC’s.48 Consideration of the distinctive features of
F, D, andL bipolarons is very important for determination
of not onlyTF , TBEC, TB , andTc , but also other SC param-
eters, such as the London penetration depthlL , the critical
magnetic fieldsHc1 and Hc2, etc. So, for example, at
nB~0!.1021 cm23 in the case ofF bipolarons, assuming
mB*.2mp , we find lL5[mB*C

2/4pnB(0)e
2] 1/2.2400 Å

and in the case ofD andL bipolarons withmB*.12me and
.29me we obtain lL.3400 and.8200 Å, respectively.
These values oflL are consistent with the observed ones;
.1400–10 000 Å in HTSC’s.49,50Further, coexistence ofF,
D, andL bipolarons can explain other observed anomalous
properties of HTSC’s as well as type-II LTSC’s, heavy-
fermion and organic superconductors. These include, for ex-
ample, two SC order parameters,37 mixed states in the inter-
val of magnetic field Hc1,H<Hc2 and temperature
Tc1,T,Tc2,

51 the fractional Meissner effects in type-III
superconductors,52 the jump of specific heat atT5Tc1,Tc
andT5Tc5Tc2,

51,53 etc. Coexistence of two types of order
parametersDF and DB allows one to explain the nonzero
density of states inside the assumed SC gapDSC ~5DF! in
HTSC’s and LTSC’s~Ref. 43! @including the precursor peak
observed44 outsideDSC ~5DF! in some LTSC’s# as well as
the existence of a pseudogapDSC in the normal state in
HTSC’s.54,55 Thus, our alternative more general pairing
theory allows us to interpolate between the BCS-like and
r -space pairing limits, as is done already in Refs. 56 and 57,
but with essential distinctive approaches to the problem. In
particular, our approach allows us to find the real applicabil-
ity boundary~which up to now remains unknown! between
BCS-like and r -space pairing regimes. Moreover, unlike
Refs. 7, 16, 17, 56, and 57, we show that ther -space pairing
state of polarons and the BEC ofr -space bipolarons due to
their zero bandwidth and immobility are irrelevant to the
superconductivity.
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