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Pairing theory of polarons in real and momentum space
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A consistent pairing theory of carriers in rea) (@ndk space is developed. The pairing of different fr&g (
delocalized D), and localized I() 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 @ and L bipolarons and determine their concrete formation
criteria as a function of../ey. The pairing scenarios of carrierskrspace leading to the formation of different
bipolarons(including also Cooper pairs or dynamic bipolarpase 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 highsuperconductors 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 bipolaron§S0163-182606)00533-4

I. INTRODUCTION rare-gas solids, oxides, organic molecular crystals, and
semiconductor§!?~%%In other words, due to strong electron-
As is generally known, the pairing of carriers in supercon-lattice interaction, the freeH) or itinerant state of carriers
ductors plays an important role in the formation of the su-becomes unstable and leads to the formation ofrtspace
perconducting(SC) state. In connection with the discovery large[delocalized D)] polarons or even the small localized
of the high-temperature superconductékTSC's) various (L) polarons. Further, we consider the pairing of polarons
pairing mechanisms under different nantesch as phonons, Within the k-space approximation.
excitons, plasmons, polarons, local pairs, peroxitons,
electron—charge gmd spin bags,.solitons, magnor_w?,rmae Il. THE PAIRING OF POLARONS IN r SPACE
been discussett® In many versions of these pairing theo-
ries, two limiting cases are considered, namely, the forma- The question of the possibility of formation of large bipo-
tion of a BCS-likek-space pairing state’ and of a spatially larons (in our contextD) was first considered by PekHr.
separated bipolaronic realf-) space pairing on&?®’ In Pekar used a variational method without taking into account
both limiting cases the appearance of the SC state is assum#tk short-range component of the electron-lattice interaction
possible. However, a very controversial question in theand electron correlation within the continuum model and
theory of superconductivity is the relevance to the superconadiabatic approximation. It was shown that in such approxi-
ductivity of the pairing of carriers im space. According to mations the formation dD bipolarons is impossible. Later, a
the Landau criterion, an ideal Bose g4BG) is not similar approach was used by VinetsRiio consider the for-
superfluid® while the BCS-likek-space pairing may have mation possibility of two-centeD bipolarons. It was found
some relation to the superconductivity. Such pairing of carthat the formation of suclD bipolarons becomes energeti-
riers at least is necessary for studying their collective propeally favorable under the conditiot=e./;<0.05(whereg,
erties, which are very important in the establishment of theande,, are the static and high-frequency dielectric consjants
following key scenarios of SC phase transitidn: There-  and their binding energ¥,z~3-4% of twice the polaron
fore, studying the relationship of the above two versions ofenergy (E). In Ref. 15(see also Ref. 16the important
pairing to each other is of particular interest. The presentole of the short-range electron-lattice interaction in the for-
paper is devoted to discussion of this question. First we conmation of one-cented bipolarons in the absence of electron
sider the possibility of formation of different types of bipo- correlation was pointed out also. In Ref. 17, in contrast to the
larons in ther-space pairing approximations. The groundabove, the possibility of formation of Pekar’s bipolardos
state of electrons and holes in solids is the self-trappedne-centerD bipolarong at x<<0.018 with binding energy
(i.e., polaronic and bipolaronicstate. This is discovered E,z=0.04X2E (at x—0) is assumed. However, the valid-
in many classes of substances, such as alkali halidefty of such an assertion is doubtful. Further, according to
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Ref. 18 the formation of two-cent& bipolarons considered where B=3w#%2m*a3, g,=20s, 9q=E3/2KalB,
in Ref. 15 is also unlikely. In Ref. 16ee also Ref. 20the  g,,=0,,(1—2x)/(1—x), andg,,=e*/ea,B. The functional
guestion of Pekar’s bipolaron is considered within a varia{2.2) depending on the quantities,, g;,, andx may have
tional method taking into account the electron correlationone minimum at a=ap<1 or two at a=ap<l and
There the formation possibility of such bipolarons in a a=q =1, which are separated by the energy barrier

wide region of valuex=0.125 is shown, with the binding

energy reaching up to 22%t x—0) of twice the polaron E o 8B [ 6y(1-2x)|*? 2.3
energy?® Further, this problem is investigated in Ref. 18, a8~ 2792, (1—x) '
using the path integral method, by Adamowski, who ob- . .
tained almost the same results. In Ref. 21, using this metho-ghe energy of thes® andL states of bipolarons is deter-
and taking into account both the long- and the short-rangén'ned from

components of the electron-lattice interaction as well as the (1-2x)

electron correlation, the formation possibility &f and L Eg(ap)= —2[

bipolarons is studied. The existence region of Bevipo- 2795, 1-x

larons was found to be comparatively narrdire., 0<x (1-2%)\ 32

<0.079 and their binding energy was not evaluated. In Ref. _2( 1-6y ) } (2.9
22 a softer criterion for Fidich D bipolaron formation at (1=x)

x<7/15 was obtained. However, this is incorrétThe for-  gnq

mation of theL bipolarons in the absence of long-range

electron-lattice interaction and with incomplete inclusion of Eg(a =1)=2B(1-gs—02), (2.5
electron correlation was studied in Ref. 25. Thus the forma- . . .
tion possibility ofD andL bipolarons both with and without '€SPECtVely, wherg =g g;. In Eq. (2.2), if we substitute
inclusion of electron correlation and short-range electronJs1/2: 9io(1—x), andB for gs, 9;0(1-2x), and B, respec-

P . ; ; - tively, then we obtain the functional of the polaron total en-
lattice interaction has not been investigated sufficiently yet. N ; .
eet ! nvestg meienty y ergy Ep(@). The binding energy of the bipolaron is deter-

mined by the difference
A. The pairing of polarons without electron correlation

The total energy of the two-electrermrystal lattice sys- Epp=|Ep—2E| (2.6
tem in the continuum model and adiabatic approximation iSNhereEp and Eg are the polaron and bipolaron energy, re-

given by the functional form spectively. Then, for the formation criterion of the stable
and metastablé. or D (L) states of bipolarons from the

h2 ) h2 ) inequality Eg(ap) —2E(ap) <0 we have(cf. Refs. 15 and
el ¥,4.01= [ [ ardr i) - 5o Vi 1
e’ oy ———|1—6y =X X3/2+4(1—3 )¥2<3. (2.7)
+m W(ry,rp) Y1=x Y 1ox y T

The formation condition of the bipolaron only has the form
+ f drydra[EgA(ry) + EgA(rp) JW3(ry,rp)
-1
1)
gsl

X< (2.9

= [ dradrd —ed(ry e WA )
with the additional condition fok<0.5

. 3
+§JdrA(r)2+;—Wfdr[Aq>(r)]2, o

2.1 Y6121 9

whereW (r,,r,)=¥(r,)¥(r,) is the electron wave function while the forme_ltion of thg stabll; and metastabl® or L
at the coordinates, andr,, A(r) is the deformation of the (D) states of bipolarons is possible at

lattice, ®(r) is the electrostatic potential due to the ionic

displacement polarizatiof is the deformation potential of y>gioX(1—x), (2.10
the electronK is an elastic constant, aid=¢../(1—X) is the ) .
effective dielectric constant. The functiorf@.1) after mini-  Where go=ee..a,B. The dependence of the ratio of

mizing first with respect ta and® and then with respect to PiPelaron binding energ¥,g(D) twice theD polaron en-
a trial wave function chosen in the foffn €r9y ZEg(D) onx for different values ofy is presented in

W (r)=(av2lag) S exg—m(ar/ag)?] (where « is the di- Fig. 1 The_ phase dia_gram for stablt_a bipolaro_nic states in
mensionless variational parameter characterizing the degrd@0-dimensional coordinate spacey) is shown in Fig. 2.
of localization of the carrier and, is the lattice constajt
has the form B. The pairing of polarons with electron correlation
For the calculations of the ground-state energy of a po-
Eg(a)=2B(a?—gga—g,a), (2.2 laron and bipolaron by using the variational method in the
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i, (0)/2E, (D) (2.19 into Egs.(2.11) and(2.12 and then calculation of the
integrals and introduction of the dimensionless parameters

0.20

y=hol[(7h)22m*a3], g =2} hwyea,,
gs=E¥hwoKal, U=2€’twoe.ay (2.19
give (in units of the Debye energfw,)

Os g
Ep(af): 7sz a’— 232 a’— 212 a, (2.19

0.05

Eg(a,B)= 6Ci(B)  , 20Cs(B) 5 |20/C4(B)
o( B =Tz, * TR C |7 TCp)

UCs(B)
FIG. 1. The dependence of the ratio of the binding energy of the - 77172C2(,8) «@, (217
D bipolaron to twice that of th® polaron onx at differenty: (1)
y=0.05,(2) y=0.1,(3) y=1/6, (4) y=0.17,(5) y=0.178. wherea=0a, and

continuum model and adiabatic approximation, the func- Ci(B)=1+2B+138%4, C,(B)=1+3B+158%/4,

tional of their total energies after minimizing with respect to

lattice deformation and polarization can be written in the Ca(B)=1+9p/2+3098°/32+ 13953°/128

form +23 7453414096,
hZ
Ep{o(n)}= S f [Vy(r)]2dr C4(B)=1+11B/2+ 4493%/32+ 23013°/128
+ 43 5453414096,
e f YA YA(r') dr dr
2e Ir—r’] Cs(B)=1+2B+2p2
Eﬁ The mean sizéor radiug of a polaron and bipolaron is easily
oK f YA(r)dr, (2.11)  calculated according to the determination of the mean value

#2 2= [ r242(r)d dr2y= | r2 w2, .r)dridr,
EB{q’(rlarz)}:Wf[|V1‘I’(r1,r2)|2 (r") Jr o(r)dr and (ri) fr12 (rq,rp)drqdr,

from which we find

d,=\(r®=0"1J312 and

+|V,W(rq,rp)]?]drdr,

e [ W(ry,ry,) 2e?
+— | ———drdr,——= .
€ ) [ri—r e dg= (1) =0 1W15C4(B)/C,(B),  (2.18
W2(ry,r)Wi(ra,ry) dr.drdrd where C4(B)=1+58+358%4. At g,=0 and strong short-
[ri—rg F1Ar0rs0ry range electron-lattice interaction, only small-radidg{ a,)

L bipolarons can be formed. Such bipolarons are also formed

2E3
K f ‘I’Z(rl,rz)\lfz(rz,r?,)drldrzdrg,

(2.12

where ¢{r) and ¥(;,r,) are one- and two-electron wave
functions, respectively. In order to minimize E¢2.11) and
(2.12 with respect toy(r) andW¥(rq,r,) the trial functions
are chosen in the fo

P(r)=Nexf — (ar)?], (2.13

L)

0.3

W (ry,rp)=N{1+B(ar12)? ex —o2(ri+r3)1},
(2.19

whereo and 8 are the variational parameters characterizing
the carrier localization and the correlation between them, re-
spectively,N is the normalization factor, and,, is the dis- FIG. 2. The phase diagram for the statideand L states of
tance between the carriers. Substitution of E@s13 and  bipolarons in the coordinates spacey).




FIG. 3. The dependence of the ratiggB/2E, (solid line) and
dg/d,, (dotted ling on &,/gq for D bipolarons ags=0.

at g;#0 andg,#0, and under certain conditiori3 and L
bipolarons can coexist. In the case of thepolaron and
bipolaron formation it is usually accepted thaf(L)=a,
anddg(L)=a, The binding energy ob andL bipolarons is
determined from Eq(2.6) after minimizing the functionals
(2.16 and(2.17 with respect toa and .

C. Numerical results and their discussion

For alkali halides and HTSC’s the width of the upper
valence band is- 1 eV 21427283nd the Debye energy is
~1072 eV. So the condition of the adiabatic approximation
y~102<1 is well satisfied. Then at,~5 anda,~5A we
have U~100. Therefore in the calculations &(«) and
Eg(a,8) we may putgs, g;, and U~0-120 andy~0.02.
Below, the results of the numerical calculations for the case
0,=0, g,#0; g;#0, g,=0; andg,#0, g,#0 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 ID bipolaron formation ag;=0

as was pointed out in Ref. 19. The dependence of the ratio d

D bipolaron binding energ¥,g(D) to twice theD polaron
energy E,(D) on e./g is illustrated in Fig. 3. The depen-
dence of the ratialg/d, one../g, is also presented. As shown
in this figure, the ratice,g(D)/2E,(D), calculated by means
of trial functions(2.13 and(2.14), is ~0.22 ate./e;—0 and
the formation of aD bipolaron is possible at./eq=<0.13.
These results are very close to those of Suprun an
Moizhes? (see also Ref. 2Q0which were obtained by means
of somewhat different trial functions than Eg®.13 and
(2.14). From Fig. 3 it is also clear that with the decreasing of
the ratioE,g(D)/2E,(D), dg/d, increases, i.e., the size of a
D bipolaron increases with increase af/e; more quickly
than the size of & 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
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FIG. 4. The dependence of the ground-state energy ofLthe
bipolaron on the parametg:

terms of the total energy of the considered system. The de-
pendence of the ground-state energyLdbipolarons on the
parameter of electron correlatigh at g,=0, y=0.02, and
U=40 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-radils 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

s Our numerical results show that in the presence of elec-
tron correlations and, #0 the role of a short-range electron-
lattice interaction is also essential in the formation of bioth
and L bipolarons. In the present case the dependence of
Epe(D)/2E,(D) on e./eq has the form shown in Fig. 5. In
this figure, forgs=70 andg, =20, the ratioE,g(D)/2E (D)
reaches up to 0.37@t ¢,./e;—0) which is almost two times
arger than 0.22 obtained af=0. Further, the formation

B 3
E,,/2E,

0.50

d

account in the kinetic and Coulombic repulsive energies of FIG. 5. The dependence of the rafigg/2E, on ./e, for D
the electrons. Here these effects are taken into account in alpolarons ai(1) gs=20, g;=50 and(2) gs=70, g,=20.



54 PAIRING THEORY OF POLARONS IN REAL AND . .. 13125

120 T ™ T 120 I T
U - U - -
P(D)
80 | PCE) . 80 |- .
B | B BL) |
a0 - - a0 |- -
r B(L) g,°0
0 BT T T é 120 ° 080 és 120
(a) ® (b) _
FIG. 6. The phase diagram on tHegs,U}
plane of polaronsR®) and bipolarons B) at (a)
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of a D bipolaron becomes possible in a wider region of the The Hamiltonian of the multicomponent Fermi-gas sys-
valuese./e,<0.16. Now from the relatiori2.15 we have ~ tem with pair interaction between particles has the foifn

-1
B:(l_s_w) >1. (2.19 H:nzkg[g(k)_MFn]a:Qkaanka
I €0
i i 1 F ot T
In the two-dimensional space of the parametgys\), the Tl 2 VhkKDahgal yaw a
phase diagrams of the stable states of carriers in the short- nk.lk’
and long-range field of the lattice far=0.02 andg, =0, 20, (3.1

50, 80 are presented in Fig.(6f. the analogous phase dia-

gram obtained in Ref. 21 with the path integral methdhe ~ Where e(K) =h*k*/2me, me, and ug, are the mass, and
results obtained by us allow us to make the following con-chemical potential of thenth polaron, respectivelyay,
clusions.(a) At g;=0 and comparatively small values gf _(ankg) the creatlodannlhllatloﬁ operators of theS(_a p_ola_rons
the stable state of carriers is the frém Bloch) state, and N state[nko), k and o their wave vector and spin indices,
with the increase ol this state becomes metastalde g respectwely, V5oi(kk') is .the pair mterac_:tlon potential
>g* and the value of* grows with increasing)) and the (which has both an attractive and a repulsive phetween
L bipolaron state is stab[&ig. 6a]. (b) At small g, andg, thenth andlth polarons() is th.e vqlume of_the' system, and
the D state of the polarons and bipolarons is stable and aE’IZ{l'Z""V}’ v=<4. The Hamiltonian(3.1) is diagonalized
large enough values o the L bipolaron state is stable PY the stan_dard Bogpllu_bov transformation of Fermi opera-
[Figs. 6b), 6(c), and &d)]. (c) with increasingU, decay of tors. Then in the excitation spectrum

the D andL bipolarons into twdD andL polarons occurs.
wrn(K) = VEZ(k)+AZ (K)

there aren energy gaps determined from
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 1 F ) Ag (k") Er (k")

ideal Fermi gas and BG, respectively. Hence separate levels A, (K=- QO E Vni(k.K") Er(k) tanh 2T

of polarons and bipolarons are formed in the energy gap of ko (3.2
semiconductors, insulators, and HTSC'’s. However, with in- '
crease of the concentration of polarons their bandwidth bewheresg,(k) is the energy of thenth polaron measured
comes nonzero. At a definite bandwidth of the polarons theirelative toug,, and a repulsive Hartree-Fock potentiahich
pairing may be considered in tHe space as in BCS-like can be incorporated and denotedias,) (see also Ref. 30
theory (see also Refs. 5, 7, and 29 For simplicity we consider the cas¥ ' (k,k’)+#0 and

Ill. THE PAIRING OF POLARONS IN k SPACE
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VFi(k,k')=0(n#1). Further, we use the usual BCS-like play an important role in the formation @ and L bipo-

approximatiofi for V| (k,k’): larons. As is clear from Eq2.7) the formation ofD bipo-
larons without electron correlation is impossible both for
0<1=0 and forg,;; =0 (cf. Refs. 15 and 16 while according

Vin(k,K") to Eq.(2.8) the formation ofL bipolarons is impossible only
. _— for g5, =0 but forgg; #0 it becomes possible for amy; (cf.
Ven=Van if &(k),e(k’)<Ean=Epp+iing, Ref. 16. So the short-range electron-lattice interaction plays
=4 Vi, if Ean<e(k), e(k')<Egy, a crucial role in the formation of not only (cf. Ref. 25 but
0 if e(k) or e(k’")>Egp, alsoD states of bipolaron&cf. Refs. 15 and 16 Unlike the

(3.3 L bipolarons, the formation dd bipolarons is possible with-
out such interaction also. The binding energy db abipo-
laron in the absence of electron correlation may reach up to
21% twice of the polaron energyE2(D) (at x—0) and the
existence region of the bipolaron is sufficiently wide,
fx$0.075. It should be noted that gt;=0 andg,;#0 the
inclusion of the electron correlations within the path integral
method gives nearly the same result for the existence region
of D bipolaronsx=<0.079% Further, some variational calcu-
~ _ lations indicate that, with the inclusion of electron correla-
Trn=1.14Epg+fiwo)exp — 1/yen) 34 tion at g43=0 and g;;#0, the ratio E,g(D)/2E(D)
and =0.221%20t is interesting that inclusion of either the elec-
tron correlation(at g5; =0) or the short-range electron-lattice
Uen=3.52, (3.5 interaction (at g,;#0) gives nearly the same results, while
_ _ inclusion of both the short-range electron-lattice interaction
where  yen=VenDeny Ven=Van—Vins &n=Vgrn/[1 and the electron correlation leads to an essential increase of
+ D¢ Ve IN(Ern/Ean)] andDe, are the effective interaction the binding energy oD bipolarons, reaching up to 37% of
potential and density of states in tmgh polaronic band, twice the polaron energy, and to a noticeable broadening of
respectively. Here the combined phonon- and polaron-bagheir existence region up t0=<0.16. So the formation possi-
mediated processes are taken into account as in the caselsfity of D bipolarons in real materials without and with
the combined electron- and phonon-mediated ones in Ref. &lectron correlation is restricted by the conditions0.075
The expression for the cutoff energy obtained within theandx<0.16, respectively, which are satisfied in some com-
spin- and correlation-bag approach&ss also similar to the pounds, such as T%) (6,=6-7.2, £,=170,>* SiTiO;
results of Ref. 4. So our approach is a modified and generte..=5.2, ¢ =2300,! oxide HTSC's (e,=2-5,
alized variant of the BCS theory. In the absence of statizo=50-89,'°*°*BaQ(e..=4, £,=34),>* metal-ammonia solu-
lattice deformatior{which occurs in many low-temperature tions (e..=1.8, £,=22),*" and probably in otherge.g., or-
superconductor TSC’s)] E,,g=0 and we have a pure BCS ganic HTSC's, intermetallic compounds, ,0y, etc). The
picture. In general, a pure BCS pairing is possible onlfin formation conditiong2.8), (2.9), and(2.10 for L bipolarons
states of carries, whereas in th&randL states the com- are satisfied in many compounds. Thus the experimental ob-
bined BCS and non-BCB.e., polaron bappairing is always servation of small bipolarongossibly above the continuum
realized. Further, when the Fermi energy of itk polarons L bipolarong and the absence of such evidence Bobipo-
Een<(Epg+7%iwo) (Which takes place in, e.§%°He) the cut-  larons most probably are caused by these circumstdfices.
off energy in Eq(3.3) is replaced byE, (see Ref. 3Borthe  The observed deep localized states in the energy gap, effec-
width of the polaronic bané In the case of &Vy, tive mass of carrierm* =(10-30)m,, and coherence length
<Van, 0<Vg,Dg,<1, and the above modified BCS-like §=4-50 A in oxide and organic HTSC’s indicate the exist-
pairing theory of polarons is quite applicable. ence there ob andL polarons and bipolarorg:*3*6-39t js
reasonable to assume that increasing the concentratibn of
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 deformationrf and E,g and
Now we compare the theoretical results obtained with earbroadening of the bandwith of polarons and bipolarons. In
lier existing ones and experimental situations, as well as theuch situations the pairing of carriers cannot be considered in
distinctive features oF, D, andL states of pairing carriers r space. The collective effects then lead to modulation of the
responsible for the realization of the different SC states. Théasic parameters of pairing polarofsee also Ref.)5In the
ground states of carriers, which depend on the quantity opresent case, thie-space approximation is better suited for
short- and long-range electron-lattice interactions as well astudy of the pairing of polarons.
the Coulomb repulsion between them, &reD, andL states. We now discuss the possible relevance of our regiits
It is clear that the carriers iD andL states are static po- particular, the distinctive pairing features Bf D, and L
larons and bipolarons, whereas theyFrstates they are dy- carrierg to the superconductivity mechanism in different su-
namic. From the above it follows that not only electron cor-perconductors. In the state of carriers the static lattice de-
relation but also the short-range electron-lattice interactiodormation is absent. The pairing &f carriers is possible if

whereE,, andEg, are the cutoff parameters for the hybrid
attractiveV &, (which has both phonon- and polaron-bag at-
tracting party and the repulsive/ &, part of the potential
VF (k,k'), respectively, in the nth polaronic band,
Ean<<Eg,- Then we determine the depairing temperature o
the nth bound polaron pairsTg, and the ratio
Irn=20g/TE,y as

IV. DISCUSSION OF THE RESULTS
AND THEIR POSSIBLE RELATION
TO HIGH- T, SUPERCONDUCTIVITY
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we consider the dynamic effects of their dressing in the pho=Az(T=T)=0] and boson superconductor§BSC’s
non cloud, i.e., their interaction with the virtual phonons. In[Ag(T=Tg)=0 andA(T=Tx>Tg)=0] is determined as
the present case dynamie polarons and bipolaron§.e., T.=Tg=Tg=Tgec (Where Tgec is the Bose-Einstein con-
Cooper pairsare formed. The conventional BCS theory of densation temperature of an ideal B&dT,=Tg<Tg, re-
superconductivitysee Refs. 9-1ldescribes only the Coo- spectively. In FSC’s, neaf =T, the number of composite
per pairing processes of suéhpolarons by means of pho- bosonsng(T)<ng(0) and they may be considered as an
non exchange. The BCS theory may be modified also to th@jeal BG, while in BSC's ng(T)=ng(0)=const up to
cases of the pairing dD andL polarons, analogous to the T=Tg. For a three-dimensional attracting BG=Tged 1

exciton, plasmon, and other nonphonon pairing mechanisms 1.427yg\Taecl {a], 1L Where v is the boson-boson cou-

. ’4 . . .
of carriers>* Here the contribution of both the dynamic and ging constantZ, is the cutoff parameter for the attractive

static lattice deformations, i.e., the combined phonon- and_ " it the boson-boson interaction potential, apg<l,
polaron-bag-mediated processes, should be taken into at-

count in the pairing oD andL polarons, as for phonon- and ped/ {a=<1. . _ _
electron-bag-mediated proceséeBhen the depairing tem- We now estimatelgec anET(C)z—l Ts ?tlnB_nB,(cON) for
perature of these polarons may be determined by(E¢). ~ and L bipolarons. Atng(0)=10"" cm = for mg=12m,,

It is evident that the pairing mechanism of carriers is pho-L/Me. and 29N, we find Tgec=244, 172, and 101 K, re-
non and polaron mediated Bg<fiw, and Eyg>hay, re-  SPectively. Then, assuming;=0.2 andTge/{4=0.1 we ob-
spectively. The first takes place fér and especiallyfF po-  tain T,=266, 187, and 110 K, respectively. Indeed, in
larons and the second farpolarons. Indeed, for HTSC’s the YBa,Cu;O;_, the SC transition is observed in the interval
Fermi energy E~7eV,%%%l B~1 eV] K~1.4x102 T.=110-220K®Asis clear forD bipolaron,Tg<Tg when
dyn/cn?,*? ag=4 A, E4=(2/3)E=4.66 eV,x=0.03—-0.10, ng=ng(0). However, aff— T the number of suc® bipo-
gs1=0.19, E,5(D)=0.01-0.04 eV(for x=0.04-0.05 and larons rapidly decreases and as a reSgh>Tggc—TE . For
y=0.16-0.17, E,g(L)=0.24-0.31 eV(for x=0.04—-0.05 the two types ofL bipolarons withmg=17m, and =29m,
andy=0.217-0.26Q) and#w,=0.06 eV* Forx=0.05 and the condition T->Ty is satisfied. Here the value of
y=0.16 the mean size ofD and L bipolarons is T, =Tgz=110-187 K is very close to the observed values of
dp=a¢/ap>a, and =a,, respectively, which agree well T_in HTSC’s*® Consideration of the distinctive features of
with the observed values of the coherence lerig#d-10 A £ D, andL bipolarons is very important for determination
in HTSC's®" The effective mass oD polarons ism}  of not only T, Tgee, Tg, andT,, but also other SC param-
= wh212d2E (D) =4.27m, (the mean size of thB polaron  eters, such as the London penetration deyththe critical
dp~ap/ap=2a,) and that of L polarons is magnetic fieldsH, and Hg, etc. So, for example, at
~mh?2a5E,(L)=7.23m,. Then, according to Ref. 15 the n,(0)=10?* cm 2 in the case ofF bipolarons, assuming
effective masses ob and L bipolarons are equal tong mg=2m,, we find A =[m3C?/4mng(0)e?] 122400 A

=4mp=12m, (for x=0.05 andy=0.16 and =17m, (for  4nq in the case dd andL bipolarons withm%=12m, and
£,=2.5 andx=0.09, =29m, (for s..=3 andx=0.09, which  _29m_we obtain \ =3400 and=8200 A, respectively.
also agree well with the observed values of the effectiverpage values ol are consistent with the observed ones;
masses of carriersn” =(3-30)m, and =(10-30m,, re-  _3400_10 000 A in HTSC'4* Further, coexistence d¥,
spectively, in titanates and oxide HTSC’sFor the deter- D, andL bipolarons can explain other observed anomalous

mination of Tp according to Eq.3.4) it is reasonable to properties of HTSC’s as well as type-Il LTSC's, heavy-

assume thatyz,~0.35 [usually ¥g,=0.25-0.50(Refs. 44 fermion and organic superconductors. These include, for ex-
and 45]. Then forD andL bipolarons with binding energies ample, two SC order parametéfsnixed states in the inter-

E,g(D)=0.03 eV andE;g(L)=0.24 eV,E,5(L)=0.26 eV, o

wt()aB(finzj B 2227,b?;1(nd)2242K, resgggtizlely. Appar- val of magnetic field Hyy<H<H, and temperature
ently, the disappearance of some order parameters BElow 1c1<1<Tcz the fractional Meissner effects in type-Iil
near T=60-70 K¢ and phase transitions abovE, at superconductor%’-l,gge jump of specific heat & =T, <T
T~230-240 K*" in HTSC's are caused by the depairing of andT=Tc=Tc,,”>"etc. Coexistence of two types of order
suchD andL bipolarons. In the Fermi system the pairing of ParametersAg and Ag allows one to explain the nonzero
carriers and the formation of their BCS-like state is only adensity of states inside the assumed SC 4ap (=Ag) in
necessary but not a sufficient condition for the appearance ¢fTSC’s and LTSC'gRef. 43 [including the precursor peak
superfluidity (superconductivity (see also Ref. 2 Indeed, observed outsideAgc (=Ag) in some LTSC'$ as well as

in this system the SC phase transition may be considered dise existence of a pseudogdg,. in the normal state in

a two-stage process accompanied as a rule, by the formatidtiTSC’s>*°® Thus, our alternative more general pairing
of composite boson¢F, D, and L bipolarong, with their  theory allows us to interpolate between the BCS-like and
subsequent transition to the superfluid state by means afspace pairing limits, as is done already in Refs. 56 and 57,
single-particle and pair condensatitt! So the appearance but with essential distinctive approaches to the problem. In
of superconductivity is possible with the existence of orderparticular, our approach allows us to find the real applicabil-
parameters of both attracting fermion paiks (determined ity boundary(which up to now remains unknowmetween
according to the above BCS-like thepgnd boson pairdg BCS-like andr-space pairing regimes. Moreover, unlike
(determined according to the single-particle and pair condernRefs. 7, 16, 17, 56, and 57, we show that th&pace pairing
sation theory of composite bosdfid}). According to Refs. state of polarons and the BEC pfspace bipolarons due to
9-11 the critical temperature of the SC transitignfor the  their zero bandwidth and immobility are irrelevant to the
so-called fermion superconductordSC's [Ag(T=Tg) superconductivity.
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