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Раигелов Й.М. Е17 - 10557 
Двухжйдкостная модель сверхпроводимости в теории БКШ 

Исследовано изменение поведения энергетического спектра коллекти
визированных валентных электронов при сверхпроводящем фазовом пере
ходе. Коэффициенты канонической трансформации Боголюбова-Валагина 
выбраны в соответствии с двухжидкосгной моделью сверхпроводимости. 
Новый 'полупроводниковый* энергетический спектр получен как решение 
линеаризованного уравнения движений вэаимодействуюших электронов. 
Минимизацией термодинамического потенциала получена новая функция 
заполнения частиц ffc , которая отличается от принятой в теории БКШ. 
Энергетическое распределение нормальных • сверхпроводяших частиц по
лучено в соответствии с двухжидкосгной моделью сверхпроводимости. 
Представлена физическая картина корреляции между квазичастицами, фор
мирующим! Куперовские пары. Туннелнрование нормальных квазичастиц 
в системах M-1-S • S , - I - S 2 качественно исследовано с помошью двух
жидкосгной модели сверхпроводимости.-
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T v o - F l u i d Model of t h e S u p e r c o n d u c t i v i t y 
i n t h e BCS's Theory 

The c o e f f i c i e n t s of B o g o l u b o v - V a i a t i n ' s t r a n s f o r m a 
t i o n a r e chosen in a c c o r d a n c e v i t h t h e t w o - f l u i d model 
of s u p e r c o n d u c t i v i t y . The energy spec t rum of t h e s u p e r 
c o n d u c t i n g q u a s i - p a r t i e l e s i s o b t a i n e d as a s o l u t i o n of 
t h e l i n e a r i z e d e q u a t i o n of mot ion of t h e i n t e r a c t i n g 
p a r t i c l e s . The ene rgy d i s t r i b u t i o n of t h e s u p e r c o n d u c t i n g I 
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p roposed i d e a s . The t u n n e l l i n g of t h e normal q u a s i - p a r t i c - j 
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1. Introduction 

The superconducting phenomenon is a re-
marcable example of quantum effects on a 
macroscopic scale. In the superconductor 
a finite part of electrons is condensed in 
a "macromolecule", extended in the whole 
volume of the system, and capable to move 
as a whole. The superconducting state of 
metals can be described either by the micro
scopical theory of Bardeen-Cooper-Schriffer 
or by the macroscopical two-fluid theory of 
Ginsburg-Landau. Between them exists a cer
tain mathematical correspondence. But in our 
opinion the physical correspondence between 
these theories is not satisfactory. The 
main purpose of the present work is to cor
rect same misinterpretations and to present 
a full and perspicuous physical picture of 
the processes occurring in the superconductor. 
In order to understand and substantiate the 
new physical idea it is necessary to discuss 
many well-known mathematical outcomes and 
physical assumptions. 
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2. Mathematical Description of the 
Electron-Phonon System 

In many-valence metals the high density 
of collective valence electrons (CVE) ensu
res a considerable average kinetic energy 
of the conduction quasi-electrons (CQEs). 
Therefore the crystal potential influence on 
the CQE motion is very small and the indivi
dual-particle model gives a fairly good de
scription of normal metals. The essential 
change of CVE energy spectrum takes place 
only near the boundary of the Brillouin 
zones, along which the electron-lattice 
interaction is very strong and therefore 
the energy suffers abrubtion. In many-valence 
superconducting metals a large number of 
breaking off surfaces pass close to the 
Fermi surface. The real Fermi surface is 
similar to that, which is obtained in free-
electron approximation/'/. Considering all 
this, one may assume that with a sufficient 
extent of accuracy the CVE energy spectrum 
in the normal state of a metal is described 
by the formula 

The isotopic effect in superconduc-
tors/2>3/ verifies Fronlich's assumption 
that the electron-phonon interaction favours 
energetically the superconducting state. In 
many-valence superconductors the electron-
phonon interaction is strong because a large 
number of boundaries of Brilluoin zones 
pass close to the Fermi surface. Therefore 
for the subsequent description of the phase 
transition from normal to superconducting 
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state it is essential to investigate the 
behaviour of the system of CVE and phonons, 
considering only linear terms in their in
teraction. In this approximation and in the 
second-quantization representation the 
Fronlich's Hamiltonian can be written in the 
following form 

H = 2 Ч а к Л , + Г У < Ч ) а к + к Х ' + ч а \ V a k a + 

(2) 
+ 1 + + 

+ ih<ti (b b + 7 r - ) + S g a, a, (b + b ) . 
1 q <] 2. q к + ар кст q -q 

Here a k„ , ak(, , b q and b q denote the 
creation and the destruction operators of the 
CVE and the phonons, correspondingly. The 
last term in (2) describes the electron-
phonon interaction, which in the first 
approximation determines the electrical re
sistivity of metals, and in a second approxi
mation ,makes it possible to find the CVE 
self-energy and to determine the dynamic 
correlation between the CQEs, which comes 
from the virtual exchange of phonons (one 
electron polarizes the lattice, and the 
other one interacts with it /s- P- 1 8 1 / ) . The 
parameter of the electron-phonon interaction 
g is determined by the equality 

.2 

g 
4 , 7 ( 3 ч , NtiZ f 3 . 

4

 q 2 + y 2 2Mfip 

In (3) N - denotes the CVE density, y" 
the screening length (y 2 = -^Z^e.-) and 

с 4^Nj7e2 
fin = v/ the ion plasma frequency. 
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In metals the elastic waves are consider
ed in the harmonic approximation. The phonon 
scattering and the simultaneous creation 
b4ibq^2 a n c* d e s t r u c t i ° n Ь Ч ] Ц 2 °f t w o 

phonons are neglected. Therefore in the cal
culation of the matrix elements of b and 
btq only the emission or the absorption of 
one phonon may be taken into account. Thus 
in order to obtain the effective interaction 
between CQEs, it is convenient to take the 
matrix elements of the phonon operators while 
the Fermi operators remain in working 
order /Sp-18'/ in this approach, taking into 
account the existence of zero oscillations 
only, the matrix elements of the operators 
b q and b_q are determined by the following 
formula /5> P-181/ 

+ 

• < 0 j h | l > - g 2 Л*'-ч°'Л«'°' , (4a) 
к к - q 4 

+ 
+ „ ко' к +qo' , . , , 

<l |b |0>=-g* 2 3 (4b) 
- я - q с - f - 1ioi 

к к + q q 

Taking into account that ĝ_ = g , and 
substituting K= K'- q in (4b) and fy) in (2) 
one obtains 

H - 2 f k a\<Рьо + 2 П й ,
ч
 < b q b q + T } + 

q q я 

•—2lV(q)+ la. a/, .a,,,a, . 
2 V'k- , / -<«•« ,>« k + 4 a k - " f f k a "" 

6 



From (5) it is seen that for CQEs with 
energies *k and ц_ , which satisfy the 
inequality |tk - t l . J < * B

q ' the dynamic attrac
tive interaction, which comes from virtual 
exchange of phonons with frequency <o , de
creases the screenin repulsive Coulomb inter
action. Taking into account both interacti
ons, an energy interval is to be supposed 
to exist, in which the dynamic attraction 
between CQEs is stronger than the Coulomb 
repulsion. The magnitude of this energy 
interval depends on the density and the 
energy spectrum of the CVE, and on the 
strength of the electron-phonon interaction. 

3. Chioce of the Approximation 

In the ground coherent state the quasi-
momentum is conserved and the maximum num
ber of negative matrix elements is obtained 
under the condition that all pairs have the 
same wave vector q=K+K' . The conservation 
law of the quasi-momentum strongly restricts 
the number of virtually exchanged phonons in 
dependence on the q . In the absence of an 
external field the largest macroscopic num
ber of allowed exchange processes, which 
lead.to the maximum reduction of the total 
energy of CQEs, is obtained when they form 
Cooper pairs with q= о ̂ -P-,5'4 Although the 
pairs with q=0 have negligibly small sta
tistic weight (of order l/N )m still just 
they bring the essential contribution to 
the interaction energy, because the coherent 
effects compensate the insufficient contri
bution from a statistical point of 
view /8,p.49/y/9,P.i44/ , Really, if the terms 
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with q = 0 are regarded on the basis of the 
perturbation theory, then, in some approxi
mation, their contribution to the energy of 
the normal state of a large system is negli
gibly small, but for superconductivity just 
these terms are the most essential. Cooper 
has shown that the degenerate Fermi gas with 
attractive forces between is unstable under 
the formation of pairs of CQEs with oppo
site spins, and equal, but opposite quasi-
momentum/10/. Taking into account all these 
consideration, one may drop in /5/ sum taken 
over K' and a', retaining only terms with 
K'=-K and <T'=-<7. Thus the reduced Ha-
miltonian of Bardeen-Cooper-Schriffer is ob-
tained / 5-P- 1 8 8 / 

H B C S = 2 f
k

< a k a k + a-k a-k > + 

+ 2<-к,к|№|к,-к>а+а+а , a, . ^ 6^ 
к -к -k k 

Since the dynamic attraction between CQEs 
comes from virtual exchange of phonons with 
frequency со < <o D (where ш п is the 
Debye frequency of the crystal lattice), 
then the Fermi distribution of CVE strongly 
restricts the number of CQEs participating 
in that exchange to the energy interval 
|fk - H < f i < u

D- Therefore one may assume 
to a good approximation the following model 
potential 

W =| ~ v i n t n e region lft"lf£l<',iwD;l*K ~H<*<"!) *k 0 outside this region 
(7) 

In a superconductor the number of super
conducting CQEs is not conserved, but the 
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average value of the total number of CVE is 
conserved. Therefore in order to get rid of 
the necessity to take into account explicit-
ing the constancy of the total number of 
particles 

N = 2 (a ka k+a_ ka_ k ) (8) 

in accordance with general laws of statis
tics /n.p-92/ it is necessary to minimize 
the Gibbs' free energy 0 = H -ftN - TS , which 
at T = 0°K has the form of the quasi-par-
ticle Hamiltonian/6-"-276/'/1''?-2"/' n2,t.2ssf, 
/ I 3 , p . l 2 2 / , /14 ,p .31/ , / l 5 , p . 5 3 / # 

\\ , Uy <a+

kak + a _ +

k a _ k ) + 1 W ^ a ^ a _ ka k . ( 9 ) 

In the (9) the notation of quasi-particle 
energy <f k=£ k-f is accepted, where у. 
is the CVE chemical potential, determined 
from the condition for conservation of the 
average total number of CVE. 

4. Diagonalization of the Hamiltonian 

In the mean fiold approximation the quasi-
particle Hamiltcnian (9) can be diagonalized 
by means of Bogolubov ^i6/ -Valatin/17/ trans
formation 

+ _ + 
ck " u k a k~ vk a-k' (10) 
c-k= uk a-k + v k a k -
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The eigenvalues of the eigenvectors in 
(10) are determined by the system of equa
tions of motion for a* and a_k /5fP.i96/,/9,p.i4i/ 

l h a k = - ^ k a k - S \ k a K a - K a - k ' 
(И) 

i h a-k = ^ k a - k - 2 W k K a k a - K a K 
/i5,p.64/ ^ after their linearization. The 
parameters u k and v k are real numbers (for 
ensuring the reality of the CQEs occupation 
numbers / / 1 1 , Р , 2 9 8 Л 5 which are connected by the 
equation " k + v 2 =i. Moreover u k is an even 
and v k is an odd function of the wave vec
tor K/s'P-197/-/12'P-252/.The linearization of the 
system of equations of motion (11) is a 
simple generalization of the Hartree-Fock 
method and consists of replacement of the 
operator products B K = a K a _ K and 
B K'=a_ Ka K with their average values 
B*K =<N+1 |a+

Ka!K| N -1> and BK =<N-1 |a_*a JN+I>, 
correspondingly. This corresponds to decoupl
ing of the chain of equations for the Green 
function Z18/in the first order approximation. 
Introducing the notation 

Д к = ~ 2 « к к В к (12) 
the system of equations (11) can be written 
in the following linearized form 

iH ak~=-Vk~ +A* ka_ k, 
(13) 

« а - к = ^ а _ к + Д
к

а +
к -
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The linearization (13) of the system of 
equation (11) physical corresponds to the 
replacement of the interaction between CQEs, 
coming from the virtual exchange of phonons, 
with the interaction between CQEs and the mean 
field (12) of the remaining CQEs. The system 
of equations (13) has solutions of exponenti
al form at(t)=a+

k(0)exp(iA](t/ti) and 
a_k(t)= a_k<0)exp(-iAkt/1i) under the condi
tion that A k is a solution of the equation 

fck . -£ k x4+f b >-Mi : • < 1 4) 
In this way it is obtained that A k = = ±V£ k

2 + A| /9, P. HI/. The sign of A k corresponds to the sign of £ k. 
The results, described above are well 

known and are generally accepted. However 
in our opinion their physical interpretation 
is incorrect. Indeed, from the abive conclu
sion it follows that if fk is a quasi-par-
ticle energy of CQEs and describes their 
energy spectrum in the normal state of the 
metal, then A k is the quasi-particle energy of CQEs, forming Cooper's hard correlated 
pairs in the superconducting state of the 
metal, and therefore it ought to describe 
their energy spectrum. In such a way, using 
the relation E k-// = A k , the semiconductor 
model of the energy spectrum of supercon
ducting CQEs is obtained which is described 
by the following formula /19/,/2о/,/21,Р.ззо/, 
/22,p.571/,/23,p.447/ 

E k = ^ ±^q +Д2. (15) 
In fig- 1 the energy spectra of the normal 

CQbi, ( k and of the superconducting CQEs E k 
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Fig. 1. The energy spectra of cooperons E k 

and bogolons «k . 

are presented. From the figure it is seen, 
that the width of the Cooper's energy gap 
between the spectra ' k and E k has its largest 
value on the Fermi level, where the number 
of the CQEs participating in the virtual 
exchange of phonons, has the maximum value. 
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5. The Energy Distribution of the 
cqEs 

Since the operators с к and c k act on 
the vacuum wave function |4'0> (ĉ |4<0 > = |4<k> 
and ck|4"0> = 0 ) , then for the determina
tion of the CQE number (nk = а^ак> and the 
condensation amplitude (B^ and B k) /Ьр.т/ 
it is necessary to express the creation a"!" 
and destruction ak operators of the inter
acting CQEs as functions of creation c^ 
and destruction с к operators of the weak 
interacting quasi-particles. In the BCS 
approximation the interacting between the 
new quasi-particles is neglected. So by means 
of a transformation, which is inverse to the 
transformation (10) 

\ = \ ck + v k c - k ' 
(16) 

a - k = u k c - k " v k c k 
after the regrouping of the operators one 
obtains 

* 2 + 2 + 
n k = u k c k c k + v k c - k c - k + ( 1 7 ) 

+ » л ( с , + с + . + с , с, ) , к к к -к -к к 
В + = u V c 4 , + v f c с + , 1 0 , 

к к -к к -к к ( 1 8 ) 
+ u v < с с + - с + с ) . 

к к -V - к к к 

Taking into account the definitions of 
the occupation number functions of the strong 
interacting CQEs n t and of the weak interac
ting superconducting quasi-particles fk , 
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and also of the condensation amplitude B^ 
from (17) and (18) we obtain the following 
equations: 

» b = » k
2 ' b * V k 2 < l - f - * > , ^ 

iw^-u-v* ( 2 0 ) 

If (20) and (12) are combined, one obtains 
an equation, which determines in a self-con
sistent way the equilibrium magnitude of the 
energy gap 

6. Comparison of the Ground State 
Energy of the Superconducting 
Models 

Here it is necessary to correct some wrong 
physical interpretations of the mathematical 
results of BCS theory. Really, in the accep
ted interpretation of BCS theory all Cooper 
pairs have an equal energy, coinciding with 
the chemical potential of CVE, and therefore, 
all of them lie on the Fermi level / 7 <P* 1 5 9Л 
The excitations have the energy spectrum 
(15). Outside the Fermi sphere the quasi-
particle excitations have the energy 
E k = ц + Vf 2

k + &\ . and inside the Fermi 
sphere they have the energy E ^ f t - V f ^ + A^. 
According to the BCS theory at T=0°Kall 
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CQEs, which in the normal state of the metal 
occupy the states in the energy interval 
n -tfoD < f < ц , in the superconducting state 
of the metal are condensed in Cooper pairs. 
But the corrected calculation shows, that 
for raising the energy of CQEs from states 
with quasi-particle energy £, ^ < 0 to the Fermi 
level, an energy E s - E N = 0.5Мц)(Ьш..)2 is ne-
cessary. This energy is ( ") times larger 
than the maximum energy gain of the super
conducting state in comparison with the nor
mal one. Since in fact the superconducting 
state has a lower energy, such an explanation 
of the results of the BCS theory is wrong. 
ТЬ-э condensation of the Cooper pairs, i.e., 
of the correlated quasi-particles, has to be 
understood in thesence that all of them have 
one and the same wave vector q = K + K'. But 
this is just the necessary condition, which 
secures the maximum number of negative matrix 
elements in the coherent ground-state. In the 
absence of external fields the coherent state 
with q = 0 has the lowest energy and as 
follows from (14) the quasi-^article energy 
of the correlated CQEs must be E k = fi + A k , 
while the quasi-particle energy of the un
corrected CQEs is fk.From fig. 1 and formu
la (15) it is seen, that inside the Fermi 
sphere the energy branch E k of the correlated 
CQEs lies below the energy branch (̂  of the 
uncorrelated CQEs, while outside the Fermi 
sphere the energy branch *k lies below the 
energy branch Ek.Therefore the quasi-partic
le distribution, which is described bv the 
formula (19) is energetically more favour
able. At T=0°K inside the Fermi sphere the 
CQEs occupy the correlated states, but out-
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side the Fermi sphere they occupy the uncor
rected states. 

Besides the diagonalization (13) the above 
assumption may be motivated by showing that 
in the two-fluid model with the semiconducting 
energy spectrum of the correlated states, but 
with one-particle occupation in BCS's sence, 
is not energetically favourable. Really, let 
us assume that at T = 0°K all the CQEs occupy 
only the states of the correlated quasi-par-
ticles with the energy spectrum Et (15) 
and the energy distribution (19). Then the 
transition of the metal from a normal to a 
superconducting state changes the total energy 
of the CQEs by the amount 

tiuJD 

E (Л) - E (0) = - 4 ^ - - I / (1 - ^ ) v7 £. 2+ A2 \lV^W-
vV » V '£ 2

+ A 2 

- / <1+— )л/£2чА2 i / n - fd f+2 f \ V - f f d f l . 
0 v '£2,. ; \2 0 

In (22) the notation N(/<) is used for the 
density of one-electron states of the CQEs 
with a fixed spin orientation per unit energy 
at the Fermi surface. By means of a simple 
rearrangement from (22) one obtains 

Ш ) - Е < 0 > = - ^ 1 / (v7+T-V;~KVf2+A2-adf.(23) 
V'M О 
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The equation (23) is exact. It shows, that 
in this model the phase transition of the 
metal from a normal to a superconducting 
state has to increase the total energy of the 
CQEs. This follows from the fact, that the 
density of states of the CVE increases with 
the increase of the energy. Therefore the 
energy density of states outside the Fermi 
sphere is larger than the energy density of 
states inside the Fermi sphere, while the 
change of the energy spectrum is symmetrical. 

7. Physical Discussion of the 
Bogolubov-Valatin Transformation 

Starting from (10) many physicists assume, 
that in a superconductor the quasi-particle. 
is a linear combination of an electron and 
a hole. However this assumption is wrong''15'?'6'/, 
Indeed, from the equations of motion (11) 
it follows, that in a superconductor the 
time evolution of the creation operator at 
of the CQEs is connected first with the direct 
creation of a CQE, which is proportional 
to the quasi-particle energy 4t , and next 
with the creation of the CQE by means of the 
virtual exchange of phonons, which is des
cribed by the second term. Therefore in the 
second term there is one destruction opera
tor a_k and two creation operators a* a* . 
The definition of the condensation amplitude 
C* shows that it is an average of two 
creation operators, which create successively 
CQEs pair. Since in the accepted approxima
tion (12) the virtual exchange of phonons is 
.replaced by a mean field, then in the left-
hand side of the equations there is only 
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one (creation or destruction) operator, 
while in the right-hand side of the equations 
stand both operators cj and C-k • It will be 
more correct if an operator of the dynamical 
field Л к is introduced in consideration to 
describe the virtual exchange of phonons 
/ir,,P.M,/jhen t h e Bogolubov-Valatin transfor
mation (16) acquires the sence of operator 
equations, so that both terms on the right-
hand side describe the appearance or anni
hilation of a quasi-particle, only if their 
second terms take into account the process 
of virtual exchange cf phonons. 

Thus the first term in the right-hand 
side of (16) takes into account the proba
bility of the direct creation of CQE and 
therefore the first term in the right-hand 
side of (19) is connected with the occupa
tion number function of the correlated su
perconducting CQEs f k. The second term in 
(16) takes into account the probability of 
creation or destruction of CQE by means of 
virtual exchange of phonons and therefore 
the second term in (19) is proportional 
to the probaoility of the absence of super
conducting CQEs (l-f_k).From what has been 
said above it follows that in a supercon
ductor the CQEs are distributed in both 
states//24'P> 3 2 / / . In the correlated states 
of cooperons D к fk with an energy spect
rum E k, and in the uncorrelated states of 
bogolons l)k(l-f_k) with the energy 
spectrum (k of the normal CQEs. As far as 
we know, the excited CQEs in superconductors 
are called bogolons in BCS theory. A part 
of the correlated CQEs can be transferred 
in the uncorrelated states only expending 
an energy, which is necessary to overcome 
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the energy gap between both energy bran-
ches/]5'P-зя'/' /2Г>/. In this way the Gorter-
Casimir two-fluid model of superconductivity 
is naturally introduced/2''7 . Many observed 
properties of the superconductors can be 
understood by means of the two-fluid model. 
The achievements of the Ginsburg-Landau's 
phenomenological theory/27--"•' for descrip 
tion of. the superconducting properties of 
metals prove that the application of the 
two-fluid model is valid. 

8. Choice of Coefficients in the 
Bogolubov-Valatin Transformation 

By means of the transformation (16), 
using the formulae (17) and (18), the BCS 
Hamiltonian (9) can be rewritten in the 
following form /".p-299/ 

ii = 22fkv* + Sf k(u 2
k-v kXc k + c_tc_k) + 

+ 2Sfkukvk(c,;c_+
k+C_kck ) + 2 W K k B ^ B k , 

where the operator B K is determined from 
equation (18). In the Hamiltonian (£4) only 
the terms, containing the products f k"c k

fc k 

and l-fk =• с к с t have diagonal matrix 
elements. Therefore, suing (24), the total 
quasi-particle energy of the CVE can be 
written in the form /".P-299/ 

E = 2 S W + ^ K - v k

2 > < f k + f _ k > + 
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+ S W K k
u « V K ( 1 - f

K " f - K
) u

k
v k ( 1 - f k - f k »• (25) 

By variation of (25) with respect to the 
parameter u k and taking into account the 
relation "2+ v^ =1 , we get the following 
condition for minimum of the total quasi-
pai 
al 
)article energy (or the Gibbs' free energy 
It T =0°K ) / " . p . 299/, /29,p.l93/ 

2 ^ « k v k + ( u 2 - v 2 ) 2 - V t u v ( 1 - f - f_ ) = 0 . ( 2 6 ) 

Using the relation (21) one can rewrite 
the condition (26) in the following 
form/'1'?-300/' 

2f k« kv k-(«»-v»)A k. (27) 

Due to equation (26), which is the second 
relation between the parameters uk and vk , 
all the terms in the Hamiltonian (24) con
taining one pair of operators c k c \ 
disappear /29, P. i92/_ j n the first-order ap
proximation of the perturbation theory they 
bring to divergent integral /п.р-зоо/# Both 
the relations between the parameters uk 

and v,, the condition (27) and the relation 
u l + vk = * have a common solution, 
which can be written in the following ana
lytic form: 

u2 l(i + v/i * ) = Ь , + _ ± ) , ( 2 8 a ) 

£,2 + Л? Л к 
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Л 2 f 
2 1 ( 1 _ V 1 _ k ).^(i.^L). ( 2 8 b ) 

к к 
The expressions (28) are represented by 

double equalities in order to show how to 
select the signs, standing in front of A k 

and f k /e,p. i42/_ Moreover, it is natural, 
that if the second term in (1С) takes into 
account the probability of the virtual 
exchange of phonons then the parameter v k 

ought to be proportional to the value of 
the mean field parameter Л к . Really, after 
a simple rearrangement equation (28b) can be 
rewritten in the following form 

2 v I = - . ( 2 8 bb ) 
A к f A к f к 

The equation (28bb) shows that the sign 
and the value of Л к determine the sign and 
the value of v k. Thus we obtain that the 
choice of the sign in (28b) is physically 
correct. Using the relations (28), one can 
rewrite the condition (26) in the folloii/ing 
form 

2ukvk =Л к/А к . (29) 
As the parameter uk has a constant 

sign, then the relation (29) shows that the 
sign of vk is change by changing both the 
signs (of Л к and of A k ) , Therefore the 
sign of vk is changed by crossing the 
Fermi level and by changing the wave vector 
K. On fig. 2 the solid curve describes 
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the square of the coefficient u k as a func
tion of the energy <k of the normal CQEs. 
The dashed curve describes the r̂/iare of 
the coefficient v^ in the above function. 

2 
Fig. 2. Plots of the coefficients uk and 
v^ as functions of the normal electron 
energy f k. 
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9. Self-Consistent Gap Equation 

Mth the use of the above parameters of 
the transformation, the occupation number 
function of the cooperons fk , minimizing 
the Gibbs' free energy fi-H-^N - TS, can 
be represented by the following formula 

fk = texp(/axk) + 1Г 1. (30) 
In (30) we have accepted the notation 

fi~] = K 0T, where K 0 is the Boltz.man constant, 
Substituting in (19) the occupation number 
function f k , given by expression (30) , we 
get the following expression fct the occu
pation number function пк of CQEs /'2,p.27o/, 
/13,P.125/ 

„ =J-ii .. JLth(—-)i. (3i) 
k 2 Лк 2 

Taking into account the conservation law 
of the total number of CVE we obtain that 
the chemical potential ц can be determined 
from the equation 

(hop)'. 
V / i 3 = v 3 +JL ! I L _ I W 1 + a 2 + a 2 l n [ b V W ] | . ( 3 2 ) 
v'o v f 8 ,— a V> 
In (32) we denote « = — . Relation (32) 

shows that the change of the chemical po
tential is small and therefore may be neg
lected. Substituting (28) and (29) in (21) 
we obtain the following equation determining 
in a self-consistent way the value of the 
Cooper energy gap 
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Л =--SW , -th<-—). (33) « к к 2А, 2 к 
The transition temperature T(. is defined 

as the boundary between the normal and the 
superconducting state of a metal. Therefore 
substituting 4=0 in (33) we obtain an 
equation determining the transition tempe
rature T(. . Since the energy gap between 
both eneigy spectra is increased when the 
temperature is decreased, the gap acquires 
its maximum value Л„ =1.7«Tr at T = 0°K. 

10. The Energy Distribution of Bogolons 
and Cooperons 

Expressions (19), (20) and (28), together 
with fig. Г, show, that at T = 0°K the CQEs 
distribution in a superconductor is the 
following: a part of CQEs occupy the super
conducting states u? of cooperons with 
energy spectrum E k = p -\'£к

2 +Л| , which are 
found in a surface layer with thickness 
"IT<iJn below the Fermi level. The remaining 
part of CQEs occupy the normal states y\ 
of bogolons with energy spectrum <rk , which 
are found above the Fermi level. Naturally, 
the CQEs, which are in states below the 
ooperons layer inside the Fermi sphere can 

not take part in the virtual exchange of 
phonon and therefore they have the energy 
rpectrum of the normal CVE (1). This dist
ribution follows from the fundamental assump
tion of the two-fluid model, applied to 
equation (19). Really, in the two-fluid model 
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Fig. 3. The distribution of cooperons and 
bogolons in K-space at T=0°K . 

the CQEs are found in both states, in the 
normal and in the superconducting 
state/24-p-32/. Hence it follows that if 
the state is not occupied by a cooperon, it 
must be occupied by a bogolon. Therefore 
the first term in (19) describes a cooperon 
distribution and the second term describes 
a bogolon distribution. 

However, although the bogolons have the 
energy spectrum ck of the normal CQEs, their 
number of states is limited in a supercon
ductor. As at T = 0°K all bogolon states v| 
above the Fermi level are occupied by CQEs, 
bogolons must not take part in transport 
processes. At T = 0°K all bogolons take part 
in the virtual exchange of phonons, giving 
rise to the energy spectrum E^ of the coo
perons. Taking into account the energy 
spectra of CQEs in s superconductor, the 

25 



energy distribution of cooperons and bogo
lons are presented on the fig. 4. 

JA-ЗЛ Л JJ*3& 

Fig. 4. Energy distribution of cooperons 
and bogolons at T --= 0°K. 

11. The Change of the Total Energy 
of CQEs and the Lattice at 
Superconducting Phase Transition 

In order to prove that the assumed phy
sical model of superconductivity is correct, 
it is necessary to compare the total quasi-
particle energy (25) with the total quasi-
particle energy of the noninteracting coo
perons and bogolons. After summing up over 
к , from (25) we obtain that the total 
quasi-particle energy in the BCS approxima
tion can be rewritten in the following form 
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i = 2 2 f k u ^ l + 2 2 f k v k
2 ( l - f k ) - 2 ^ ^ - . ( ^ 4 ) 

The total quasi-particle energy of the 
noninteracting cooperons and bogolons is 
determined by the expression 

E = 22A,u 2 f, +22£, v,2(l -f, ) . (35) 
к к к к к к 

Л 
S u b s t i t u t i n g 2A k u 2

k w i t h 2 f k u 2 + - — 
i n (35) we g e t k 

E = 2 2 f k u 2

k f k + 2 2 f k v 2

k ( l - f k ) + 2 - A - ^ . (36) 

The difference between E and E, deter
mined by the equation 

2 
E _ E = - 2 — — =-0.5N((/)/\2(—2-) (37) 

2Xk '' 
coincides with the change of the total 
energy of the zero oscillations of the lat
tice / 3 0-Р- 1 Й !/. A S the term, describing the 
phonon energy is dropped out in the reduced 
BCS Hamiltonian (6), the change of the 
energy spectrum of the zero oscillations 
cannot be taken into account. In such a way, 
there is a full coincidence of both theo
ries, the BCS theory and the two-fluid theory, 
as far as the energy description is con
cerned. Replacing the sum by an integral 
in (35) we get that the change of the total 
quasi-particle energy in the transition of 
the metal from a normal to a superconducting 
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state at T=0°K is determinated by the 
following formula 

* " D 
E S - E N = -^E-[2 / v W f d f -

^ _ f — ^ € 

- / i / M - f ( i + — : V £ 2

+ A 2 d £ + f ч /в+fd ^—)fdf. 
0 v/^^-Д2 О ^ 2 + А 2 

( 3 8 ) 

As the domain of integration in (38) is 
very small compared to the value of the 
chemical potential, then the following ine
quality Л«й<ч п takes place and therefore 
with a sufficient precision one may ignore 
the dependence of the density of states on 
the quasi-particle energy £ . In such an 
approximation of constant density of states 
from (38) we obtain the familiar result 

E S - E N =-N(^)A2/2. (39) 

12. Physical Description of the 
Correlation between CQEs 
Forming the Cooper Pair 

The Bogolubov-Valatin transformation 
shows, that the new quasi-particles foiling 
the cooper pair are fermions too. The asser
tion for binding cooper pairs has no physical 
sence, because the virtual exchange of 
phonons ensures a correlation between both 
cooperons of the pair only. The Bogolubov-
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Valatin transformation separates the bogo-
lons with the cooperons. The Cooper's result 
ought to be understood in such a sence,that 
the maximum contribution in the decrease 
of the total quasi-particle energy of CQEs 
is brought by the virtual exchange of pho-
nons between CQEs pairs, having opposite 
spins and equal, but opposite wave vectors. 
Only for virtual exchange of phonons a si
multaneous transition of two particles of the 
pair from one state to another is necessary. 

When phonons are exchanged between CQEs 
both the energy and the quasi-momentum con
servation laws are observed. Eut in scatter
ing by exchange of a virtual phonon the 
energy conservation law is observed only 
for the transition from the initial to the 
final state. It is not necessary that the 
energy conservation law should hold for the 
transition from the initial to the inter
mediate state (i.e., to a state in which 
the first CQEs has emitted a phonon already, 
but the other CQE has not absorbed this 
phonon jet. This abeyance of the energy 
conservation law takes place because of the 
uncertainty relation between energy and time 
\t.\K > h. If the life-time of the 
intermediate state г is very small, then the 
uncertainty in the energy is large. In the 
process of a virtual emission and absorp
tion of a phonon the energy is conserved 
with fin accuracy of the order ЛЕ = h/r. 
Such virtual processes are possible only 
when a second CQE exists, which is capable 
to absorb the emitted phonon from the first 
CQE at once. 

The virtual exchange of phonons provides 
a strong correlation between CQEs, since 
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during this exchange they cannot take part 
in other scattering proces.= es. This is the 
reason the life-time of the intermediate 
state г = Ъ/к to be called mean free 
part time of CQEs, and the corresponding 
distance passed by them during the process 
( = Hvp/Д - the mean free path. 
Naturally, the distance, at which the CQEs 
are at the end of the process (in units 2*) 
may be called the coherence length 
<£o = f / " ) / Я 0 , P'I70/ • On the other hand, the 
coherence length coincides with the uncer
tainty in the instantaneous position of 
the CQE pair in the process of a virtual 
exchange of a phonon (Sx— - m ^ ^ I t follows 
fror. the above discussion, that the regidity 
of the correlation is caused by the energy 
gap between the spectra of bogolons and 
cooperons. On the one hand, the energy gap 
limits the life-time of the intermediate 
state, but on the other, it serves as an 
obstacle to the small change of the total 
qua s i-momentum. 

Naturally, when other independent chan
nels of scattering with mean free path (-, 
exist, the mean free path of CQEs in s super 
conductor is determined by the familiar 
formula /24,P. so/ 

In order to determine the CQEs' behaviour 
in external field it is necessary to take 
into account the probability of their free 
from scattering run, since during the scat
tering process the CQEs lose the whole in
formation about the action of the external 
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field on them. In a superconductor the 
change in the behaviour of a CQE between the 
virtual exchanges of two successive phonons 
corresponds to the scattering of CQEs in a 
normal metal, because during the virtual 
exchange of a phonon the exchanging CQEs 
cannot take part in other processes. In this 
way the connection between the depth of 
penetration A of external magnetic field in 
a superconductor and the mean free path of 
the CQEs become clear. Also the nonlocal 
Pippard relation between superconducting 
current Js(r) and vector-potential A(r) 
can be obtained from Reuter-Sonfheimer's 
formula with the help of the mean free 
path / 3 2Л 

So, the experiments demonstrate, that the 
coherence length is a large, but finite 
quantity. Therefore, it is reasonable to 
assume that the CQEs, which participate in 
the virtual exchange of phonons, occupy 
states in different energy branches, separa
ted by a finite energy gap. Actually, in 
case that the CQEs, participating in virtual 
exchange of phonons, occupy states, lying on 
the same energy branch, then the uncertainty 
of their energy would be insignificant, and 
the life-time of the intermediate state and 
the coherence length - infinitely large. 
From what has been said it follows, that 
the energy gap between the energy spectra 
of bogolons and cooperons plays a stabiliz
ing role, so that the life-time of the in
termediate state and the coherence length 
are decreased by its increase. One can see 
from here that the boundaries of the super
conducting sample and the impurities, 
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included within it, restrict the possibi
lity of the CQEs to pass without scattering 
the coherence distance, which is necessary 
for virtual exchange of a phonon. 

13. Ultra-Sound and Super-High-Frequency 
Light Absorption 

By means of the above arguments one can 
easily explain the absorption of ultra
sound/33/ and super-high-frequency light/34/. 
These processes can be considered qualita-
tivly without consideration of the tempe
rature influence. Therefore we may confine 
with the consideration of these processes 
at T = 0°K only, when the occupation number 
function fk has a step function form with 
a jump at the Fermi level. Then all cooperon 
states u k below the Fermi level and all 
bogolon states vk above the Fermi level are 
occupied. As far as we know, the absorption 
of ultra-sound of SHF-light stimulates the 
transition of CQEs from superconducting to 
normal states. Although only the cooperons 
are correlated, hoxvever for the virtual 
exchange of phonons the simultaneous tran
sition of two quasi-particles is necessary. 
Hence it follows, that for absorption of 
ultra-sound of electromagnetic radiation 
minimum two quasi-particles may transfer 
from one energy branch to another 
one/i3,P.i20/,/2i,p.320/. Therefore the absorp
tion of ultra-sound or SHF-light is possibile 
only if the energy of the absorbed quantum 
is equal or larger than the doublet gap 
energy. This energy is necessary for moving 
simultaneously at least two quasi-particles 
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from the cooperon energy branch to the bogo-
lon one, or vice versa. Therefore the lower 
limit of the absorption frequencies coincides 
with the double thickness of the energy gap. 

14. Tunneling of Bogolons in М-1-S 
and S]-I-S2 Systems 

By means of the above arguments one can 
explain the tunnelling of CQEs between a 
metal and a superconductor or between two 
superconductors, separated by a dielectric 
layer. As the mechanism of the CQEs tun
nelling in the two-fluid model with semi
conducting energy spectrum of the excita
tions has been described long ago l"1*- 1 8 3/, 
/i9,n.63/,/351p.89/it remains'only to connect it 
with the energy spectra E k and ek and the 
distributions of cooperons a2 f and bogo
lons v£ (i -f k) correspondingly. Since at 
T =0°к the empty bogolon states below the 
Fermi level and the empty cooperon states 
above the Fermi level do not take part in 
tunnelling processes, we shall neglect them 
inwhat follows and for the sake of simplicity 
the empty states are not shown on the fi
gures. 

In the normal state of the metal, the 
abrupt boundary of the energy distribution 
of CQEs coincides with the Fermi level. 
In the superconducting state the virtual 
exchange of phonons betwf an CQEs makes the 
upper bound of their dis. Ibution in к-space 
sloping (fig. 3) and a gap appears in their 
energy distribution (fig. 4). The thermo
dynamic equilibrium between two normal metals, 
separated by a very thin dielectric layer, 
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occurs when the corresponding Fermi levels 
coincide. At Т=0°к the tunnelling of coope-
ron pair through a very thin dielectric 
layer between two superconductors (Josephson 
effect / 3 6 / / ) when there is no potential 
difference between them shows, that the 
thermodynamic equilibrium occurs when the 
boundaries of the corresponding energy 
distributions of the cooperons coincide 
(as shown on fig- 5), because only they 
freely take part in the transport phenomena. 

Fig. 5. Energy distribution of cooperons 
and bogolons in S,-I-S2 system at T = 0°K. 

Although the bogolons have the energy spect
rum fk of normal CQEs, they cannot take part 
in the transport phenomena, because they 
occupy all admissible states above the Fermi 
level. If the thickness of the dielectric 
layer between two superconductors increases, 
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the tunnelling of cooperon pairs decreases 
and there exists a critical thickness, above 
which the Josephson effect cannot be observ
ed. If the thickness of the dielectric layer 
is greater than the critical one, only the 
transition of bogolons across the layer is 
possible. The absence of a tunnel current 
in this case at T=0°K proves our physical 
supposition, that bogolons, situated above 
the Fermi level cannot take part in the 
transport phenomena at zero temperature. At 
T=0°K all bogolons are forced to take part 
in the continuous virtual exchange of pho-
nons, in order to provide the cooperons 
energy spectrum E k.lf on the one side 
of the dielectric layer there is a normal 
metal, while on the other side of it there 
is a superconductor 1Ъ11 , then the thermody
namic equilibrium takes place when the chemi
cal potential of the CVE in the normal metal 
and the upper boundary of the cooperon 
energy distribution in the superconductor 
are equal (fig. 6). A tunnel current of 
normal CQEs appears at a potential differen
ce V=A/e between the normal metal 
and the superconductor. This potential dif
ference is necessary for the raising of 
CQEs in the normal metal up to the lower 
boundary of bogolon energy distribution in 
the superconductor, in order to ensure the 
free transition of CQEs from normal state 
of the metal across the dielectric layer 
to the bogolon states of the superconductor 
(fig. 7); or else in order to provide a 
simultaneous transition of two cooperons 
into bogolons, eo that one of them tunnelling 
in the normal metal transfers part of its 
energy to the others. This energy in ne-
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Fig.6.Energy distribution of cooperons,b.go-
Ions and normal CQEs in M-I-S system at 
T = 0°K. 

Fig.7.Energy distribution of cooperons.bogo-
lons and normal CQEs in M-I-S system at 
V= Д/е. 
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cessary for the donatory CQE so that it can 
pass to a bogolon state (fig. 8). If on both 
sides of the dielectric layer two supercon
ductors are situated, then the tunnel current 
of bogolons appears at a potential difference 
of V = (A ,+ A2)/e. The letter is initially 
necessary to raise the upper boundary of the 
cooperon energy distribution of the one super
conductor to the lower boundary of the bogo
lon energy distribution of the other one 
(fig. 9 and fig.10 J; and afterwards also 
for the transition of one cooperon of the 
same superconductor to a bogolon of the 
other one, giving part of its energy to the 
corresponding cooperons. This energy is ne
cessary for its transition to a bogolon 
state in the superconductor with the raised 
energy distribution (fig. 11 and fig. 12). 
Similar mechanism of tunnel transition of 
normal CQEs is already used for description 
of the tunnel current in the semiconducting 
model of the energy spectrum of the excita
tions. Eut in this work cooperons have a 
semiconducting energy spectrum (15), while 
bogolons have che normal energy spectrum 
(1). Therefore it is necessary to use the 
new density of states of cooperons and 
bogolons, corresponding to new energy 
spectra, so that the experimental data cor
respond perfectly to the given theory. 

15. Conclusion 

Thus the physical picture of the metal 
transition from a normal to a superconduct
ing state had been described in the above 
suggested two-fluid model of the supercon-

37 



ducting quasi-particles. The choice of the 
Eogolubov-Valatin transformation parameters 
by means of bogolons and cooperons divides 
the CQEs only, but cannot influence upon 
their energy spectra. In conformity with the 
accepted terminology in BCS theory it is 
reasonable to ascribe to the correlated 
quasi-particles the name cooperons, and to 
the uncorrelated - bogolons. Cooper's idea 
for bound pairs, forming Bose-condensate, 
is unwarrantable, in spite of its usefulness 
for description of the superconductivity, 
because the coherence length is inconcei
vable larger in comparison with the average 
distance between them. The energy gap between 
the energy spectra of cooperons E, and bo
golons tk , together witli the strong correla
tion between the CQEs, preventing the small 

Fig. 8. Energy distribution of cooperons, 
bogolons and normal CQEs in M-I-S system at 
T = 0°K and V =-Д/е. 
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Fig.9.Energy distribution of cooperons and 
bogolons in Sj-l-S2system at T=0°K and V = A,/e: 

Fig.10.Energy distribution of cooperons and 
bogolons in Sj-I-SjSystem at T=0°K and 
V~A2/.e 
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Fig.11.Energy distribution of cooperons and 
bogolons in S-I-S system at T=0°K and 
V = (Aj+A2)/e. 

Fig.12.Energy distribution of cooperons and 
bogolons in Sj-I-S2system at T=0°K and 
•V=-(& +A )/e. 

1 2 
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change of the total quasi-momentum ensure 
infinite conductivity of a direct current 
in the superconductors'/i,p.m/,/W, 
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