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Superconductivity Model 

BY 
V. N. ERMAKOV, S. P. KRUCHININ, and E. A. PONEZHA 

It is shown that the transition into a superconducting state with the current which is described by a 
bisoliton superconductivity model is accompanied by the deformation of the spectrum of one-particle 
states of the current carriers. The deformation value is proportional to the conducting current force. 
The residuary resistance is absent in such states. 

noKa3aH0, YTO IIepeXOA B CBepXIIpOBOnRUee COCTORHMe C TOKOM, OIIHCbIBaeMOe 6IICOJIMTOHHOfi 
MOneJIl&O CBepXnpOBOnHMOCTM, COIIpRXeH C Ae@OpMaqMefi CIIeKpTa OAHOYaCTMYHbIX COCTORHHfi TOKB. 
Benwima A ~ @ O ~ M ~ Q M M  nponopqxoHanaHa cme cBepxnpoBonauero ToKa. B Tamx COCTOXHHXX 

OTCyTCTByeT OCTaTOYHOe COnpOTMBJIeHMe. 

1. Introduction 

According to the concepts of BCS superconductivity theory [l, 21 the superconducting 
current is generated by the motion of Cooper pairs with constant velocities. In a 
single-particle formulation this corresponds to  the Fermi sphere displacement by the Cooper 
pair momentum value in the momentum space. However, such a view on the current in 
Fermi systems has some essential drawbacks [3]. First, this is the violation of the Pauli 
principle. Indeed, within this approach under the directed motion of electrons (holes) 
generating current in the system, the possible excitation of electrons being in the low-energy 
states is assumed implicitly. This leads to the fact that all electrons which are in the system 
including those not participating in the Cooper pairs formation, take part in the current 
production. At temperatures lower than the superconducting transition (but nonzero) some 
electrons near the Fermi surface will be unpaired and, thus, will experience a resistance 
under directed motion (the so-called residuary resistance [4]). Such a resistance in BCS 
theory is suppressed but nonzero. This leads naturally to deceleration of the whole electron 
system and, consequently, of the superconducting condensate. 

Here we show that in the bisoliton superconductivity model [5] there exist superconducting 
states of an  electron (hole) system with currents devoid of such deficiencies. A direct result 
of such states of the superconductor is the asymmetry of the current-voltage dependences 
in tunneling systems with respect to the sign of the applied field (the dependence of the 
superconducting transition dielectric gap value on the direction of current in tunneling 
metal-superconductor systems). At low temperatures and small tunneling contact resistance 
the current dependence on the external potential in the region of values less than the gap 
width is linear. This was experimentally observed in [7, 81. 

l )  Metrologicheskaya 146, Kiev SU-252130 
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2. Deformation Field 

According to the bisoliton superconductivity theory [5,6] the transition to a superconducting 
state is due to the appearance of a bisoliton condensate accompanied by the formation of 
a local deformation field. This field is described by the potential 

W(X) = - 2Jg42(x). (2.1) 

The constants J and g are determined, respectively, by 

h2 c2 V 
J=L s = - ,  

2ma2’ = 2Jx(1 - s‘)’ C 

Here a is the chain period, c the deformational interaction parameter, x the elasticity 
coefiicient, rn the effective mass of current carriers (electrons or holes), u the bisoliton 
condensate velocity, and c the sound velocity in the system. 

The function $(x) is periodic with the period aL (L-’ is the bisoliton concentration) and 
normalized by 

+’(x) dx = 1 ,  4(x + aL) + $(x). 1 
4(x) is the solution to the nonlinear equation 

[ J& - W(x) + E,  4(x) = 0 ,  I 
where E,  is the bisoliton generation energy. 

elliptic functions dn (u, q) ,  
The solution of (2.3) satisfying the conditions (2.2) can be represented by the Jacobi 

The modulus q is determined by 

involving total elliptic integrals, K(q)  and E(q) ,  of the first and second kinds, respectively [ll]. 
The deformation field (2.1) is, thus, a system of periodically distributed potential wells 

(with a period aL) each of which has a quasi-particale pair with opposite momenta and 
spins. It is illustrated in Fig. ‘1. When a bisoliton produced in the deformation well due to 
pairing of quasi-particles with momenta 
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Fig. 1.  The deformation field W(x)  with 
period L moving with a speed 
u = hQ/Zm. L,, L, are the periods of 
the deformation field for quasi-particles 
with impulses kF-Q and k ,  + Q, re- 
spectively 

I I 
x -  

moves with velocity u = hQ/2m, where Q is the impulse of the bisoliton, the deformation 
field moves with the same velocity [8]. Such moving field in a coordinate system related to 
it is described by (2.1) where it is necessary to replace 

The energy of one-particle states ~ ( k )  = Jk2a2 equals 

E(k) 3 E k - - = &'(Id). ( 3 
The formation of the bisoliton deformation field results in rearranging the energy spectrum 
of one-particle states. 

3. One-Particle States 

The wave function $((, t )  of one-particle stationary states in the coordinate system moving 
with a bisoliton condensate is a solution of the Schrodinger equation with the potential 
W(5) determined by (2.1), 

( J -  d - 

d5 

where EF = Jkf,a2 is the Fermi energy. 

terms of the functions ( P k ( t ) ,  

To determine the one-particle spectrum we write $ ( 5 )  in the form of an expansion in 

$(5)  = c 44 ( P k ( 5 )  9 (3.2) 
k 

(3.3) 
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The functions I)(() and ( ~ ~ ( 5 )  are normalized in the space 1 + co where 1 is the chain length, 
whence the relation follows: 

Using (3.2) and (3.3) we write (3.1) as 

[- E(k) + E + EF] u(k)  + C W(k - k,) u(k1) = 0 ,  
k i  

where 

W(k - k,)  = 'j: (Pk*(<) W(<) ( P k ( 5 )  d t .  
- (I/?.) 

Equation (3.5), with the use of periodic properties of the potential W(5), 

(3.4) 

L q  = 2nv; v = f l ,  +2, f 3 , . . .  (3.9) 

For quasi-particles with momenta (3.6) making up the moving bisoliton (3.9) takes the form 

L(2kF + Q) = f 2 n v .  (3.10) 

Depending on the k ,  and Q ratio the equality (3.10) results in two values L. For definiteness 
we choose Q > 0. We get then from (3.10) 

L 1 ( - 2  IkFl + Q = 2 7 ~ ~ ,  

L2(2 IkA + Q )  = 2nv 3 (3.11) 

where Ll , z  = L f (II/2) and Q < IkFI. The parameter II  characterizes the effective change 
in the distance between the wells due to changing the quasi-particle motion velocity when 
they interact through the deformation field and is determined from 

lkFl2 - Q L  = 0 .  

Thus, for L l , z  we get 
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Fig. 1 shows the moving system of periodically distributed wells W(() and the change in 
effective periods of quasi-particles with different momenta forming a bisoliton. Taking into 
account (3.11) we get 

(3.12) 

Equation (3.12) establishes a relation between the bisoliton density L-’ and that of Fermi 
particles proportional to k,. Thus, according to (3.3, the deformation field hybridized states 
with the wave numbers Ikl < lkFl and the states with Ikl > lkFl . For the states with k > 0 
hybridization concerns the states displaced by the wave vector -2kF + Q. The states with 
k < 0 are hybridized with the states displaced by the wave vector 2kF + Q. Equation (3.5) 
will then be written as 

(3.13) 

The amplitudes u(k)  and v(k) = u(k - 2kF - Q) satisfy the normalization condition 

lu(k)I2 + l ~ ( k ) 1 ~  = 1 .  (3.14) 

The parameter A is defined by the expression 

A = U(2kF). 

From the system (3.13) we get the expression for the energy of a particle in the stationary 
coordinate system 

E * ( k )  = 4 [E(k) + e(k - 2kF - Q) - 2EF] 

f qi [ ~ ( k )  - ~ ( k  - 2kF - Q)]’ + A ‘ .  (3.15) 

Analogously we get the value for the amplitudes u(k)  and u(k)  as functions of the wave 
numbers, 

(3.16) 
1/[e(k)  - e(k - 2kF - Q)]’ + 44’ 

Equations (3.15) and (3.16) are valid at k ,  > 0. As follows from (3.15) in the one-particle 
spectrum the excitations form a gap. Its position depends on the value Q, i. e. the direction 
and the force of the running current. Fig. 2 shows the energy structure of the one-particle 
energy spectrum in a superconducting state with current. For energies near E ,  we get from 
(3.15) and (3.16) the following expressions for the one-particle state energy E ( k )  and 
amplitudes u(k) and u(k): 

1. E(k) - &(k - 2 k ~  - Q) {;:;;;} = ; [ 1 T 

(3.17) 

(3.18) 
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I I  

u1 

EF 

0 kF+ p 
k -  

Fig. 2. The energy structure of the one- 
particle spectrum of bisoliton in super- 
conducting state with current (Q + 0) 

Accordingly, the wave function of one-particle states $(g) in the stationary coordinate 
system will have the following from for the lower band: 

and for the upper band: 

(3.19) 

(3.20) 

The states of the lower band are occupied, of the upper band free. 

4. Dielectric Gap 

In a superconductor with current (Q 8 0) the energy spectrum is deformed and the symmetry 
with respect to momentum sign inversion is broken (see Fig. 2). Such an a symmetric 
distribution of electrons results in the appearance of undamped superconducting current 
I ,  equal to 

where the wave function $ k ( % )  is determined by (3.19). This current oscillates in time with 
frequency o = hk,Q/m. Its mean value, by (4.1) and (3.19), equals 

n 
- (Ti21 

(4.2) 

With increasing superconducting current proportional to the velocity of bisoliton motion 
the lower band top (filled by electrons) will rise and the upper band bottom (free) will get 
lower. When they level, part of electrons will occupy the nonfilled band and a resistance 
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will arise in the system. Consequently, the current may run through such a system without 
such resistance only when 

Using (3.17) and (4.3) we get 

Aeff  = A -  2hk~V > 0 (4.4) 

Thus, from (4.2) and (4.4) the expressions for critical velocity u,, and the critical current 
( I , , )  follow : 

A 
v < v,, = -, 

2 h k ~  (4.5) 

( I , )  < (Icr) = 
(1 - $) . 271h 

2Aef, characterizes the effective value of the dielectric gap in a superconductor with current. 
In the superconducting state of the system with current I < (Icr) the current carrier 
scattering not breaking the energy band symmetry will be absent. This situation will also 
hold at finite temperatures, lower than the critical one. In this case the carriers excited 
thermally are in equilibrium and do not participate in the current transfer. Thus, we arrive 
at the two-component Fermi gas with one component being superconducting and the other 
normal. The directed motion of the normal component is accompanied by energy dissipation 
and heating release. 

In the expressions for E(k) and u, u the gap value is determined by (3.14) and (3.8) where 
L follows from (3.12). Integrating in (3.8) at large Lg we get the expression for the gap, 

Depending on the value v, as is shown in [ll], different values for the gap 24 are possible. 

5. Current-Voltage Curves for Tunneling Current 

The energy spectrum deformation by the superconducting current leads to experimentally 
observed peculiarities in the current -voltage characteristics of metal-isolator-superconduc- 
tor systems. At the metal-dielectric-superconductor contacts the running current is determi- 
ned by the transfer coefficient through the barrier P having the constant value [lo, 121 

where ( I , )  is the superconducting Josephson current component described by (4.2), e the 
density of electrons in the metal incident on the barrier, fi, 2(E) are the Fermi functions of 
electron distribution in metal and superconductor, respectively. The dependence of E on 

48 physica (b) 161/2 



752 V. N. ERMAKOV, S. P. KRUCHININ, and E. A. PONEZHA 

~ ( k )  near the Fermi energy is determined by (3.17) by means of which we transform (5.1) as 

where 
e 

, I, = - @ A k i ,  q = -  Q 
kF 2nR 

cp is the bias voltage applied to the system. 
At small voltages (cp 4 A )  the current running through the system will equal I M (1,). 

In this case the bias voltage cp falls only on metal and dielectric having the common 
resistance R .  Thus, for ( I , )  we get 

whence it follows that 

Q = -  nmcp 
hkFRe ' (5.4) 

The dependences of Z (curves 1) and conductivity dI/drp (curves 2) on the bias voltage rp 
at temperature k,T/A = 0.1 are shown in Fig. 3. The gap 24 asymmetry with respect to 
the sign cp is due to the presence of the term JkFQa2 in the distribution functions of (5.2). 
In the temperature range T M 0 K for A ,  from (3.16) at rp = A we get 

A ,  = A - J k F Q a 2 ,  

A -  = A + J k F Q a 2 ,  

CT = A ,  - A -  = 2Jk,Qa2 = 2 a A .  

- 
Fig. 3. (1) Current-voltage and (2 )  conductivity- 
voltage characteristics of the superconducting 

I I current 
-2 -I 0 I 2 
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As follows from (5.6) CT depends on the resistence R. With decreasing R the value CT 
increases. Simultaneously, at small cp the current is linearly dependent on the bias voltage. 
These peculiarities are well traced in experimental papers [7, 8, 13, 141. 

6. Conclusion 

Thus, the superconducting current in a bisoliton superconductivity model is accompanied 
by the deformation of energy bands of a one-particle excitation spectrum. Such an 
interpretation of the motion of a superconducting condensate, unlike the traditional 
treatment of the motion of the whole Fermi sphere, is devoid of deficiencies connected with 
the violation of the Pauli principle and the problem of the residual resistance. The scenario 
of superconductivity which current is independent of a specific superconductivity model 
and can be considered in these models. It leads to a number of physical results, a symmetric 
current-voltage characteristics, linear dependence of current on voltage bias at voltages 
less than the gap energies, etc. These peculiarities are observed experimentally [7,8,13,14]. 
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