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Superconducting Gap Substructure in Bisoliton HTSC Theory 

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

The conditions and peculiarities of the realization of the superconducting gap substructure in a bisoliton 
superconductivity model are considered at temperatures much lower than the critical one in the case 
when the temperature dependence of the gap can be neglected. 

B pa6o~e ,  npa TeMnepaTypax ~ H ~ S A T ~ J I ~ H O  mxe KPHTUY~~KOH,  Korna ~ ~ B ~ C C I I M O C T ~ I O  memi OT 
TeMnepaTypbI MOXHO npe~e6pe=ib, PaCCMaTpHBaIOTCX yCJIOBllX A OCO6eHHOCTH CY6CTPYKTYPbI CBepX- 
IIpOBOAXWAX B 6UCOJIIITOHHO% MOAeJIki CBepXnpOBO~HMOCTH. 

1. Introduction 

The superconducting band substructure revealed in a good deal of experiments [l, 21 in HTSC 
has not yet been explained unambiguously. i t  is apparent that comprehension of the reasons 
inducing the substructure is associated with the peculiarities of the superconductivity 
mechanism. As was noted in [3,4], the multiband structure may arise in the bisoliton theory, 
and this is caused by the existence of a periodic structure of the bisoliton. The presence of 
such a structure resembles the charge density wave, but is distinct from the latter in that 
it is created by part of the current carriers only, which are situated near the Fermi surface. 
All these carriers form Cooper pairs and can migrate in the crystal generating thus the 
superconducting current. Here we consider the conditions and peculiarities of the realization 
of the energy substructure in the bisoliton superconductivity model at temperatures much 
lower than the critical one when the temperature dependence of the band can be neglected. 

2. Conditions for the Bisoliton Stability 

According to the bisoliton superconductivity model [5 ]  in a quasi-one-dimensional system 
due to the interaction between the current carriers and the vibrations of lattice atoms the 
latter are displaced from their equilibrium positions forming periodically distributed 
deformation wells. This interaction leads to pairing between the Fermi particles (electrons 
or holes) and the opposite spins and momenta that differ by the magnitude 2hk, where kF 
is the amount of the wave vector at the Fermi level. The latter is associated with the distance 
between the neighbouring wells by the condition 

kFL = 2 Z V ,  (2.1) 

where v = 1, 2, 3, . . . . The number v determines the relative part of carriers participating 
in the creation of the superconducting condensate. A bisoliton will be stable when the 
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momenta of particles forming it, hk,, hk, will satisfy the condition 

h Ik, + k2l < 
2m 

Here rn is the particle mass and c the sound velocity. It follows from (2.2) that a particle 
on the Fermi surface (ki = kF) can make up a bisoliton with particles that differ in energy 
by AE taking values under the squared dispersion law 

o ( k F )  = ckF 9 

Thus, the current carriers with energy in the interval AE = 2ho(kF) near the Fermi surface 
can be paired and, as a result, form the superconducting condensate. The carriers outside 
this interval lying deep in the Fermi sphere do not form bisolitons. Taking into account 
that the density of states near the Fermi energy equals 

m 
nh2kF 

N(EF) = -, 

for the concentration of bisolitons L-' we get 

Condition (2.4) with allowance for (2.1) takes the form 

EF - hkF v>-----. 
4 k F )  cm 

The minimum value v satisfying (2.5) corresponds to an extremely high density of the 
superconducting condensate. It should be noted that the requirement for quasi-one- 
dimensionality of a bisoliton theory is not restricted to the case of Fermi-type current 
carriers. This follows directly from the Cooper effect. In particular, the bisoliton theory is 
generalized to a two-dimensional system in [6]. 

3. Superconducting Gaps 

When the superconducting state at the Fermi level is formed in a bisoliton model [3,4] an 
energy gap with the state density equal to zero arises. The gap value [2] is described by 

G = a'/% is the parameter characterizing the electron-phonon interaction, 0 is the 
deformation potential, x the elasticity coefficient. In soliton theory G determines the 
nonlinearity of the system. The energy spectrum of particles is divided into two bands, 

The upper band is empty, the lower one is occupied by electrons. 
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As is shown in [3] in a quasi one-dimensional system, A as a function of the wave vector k, is 
of nonmonotonous character taking the maximum value at k, = mG/8nh2, i.e., when A = 0.5. 

Depending on the ratio between E ,  and ho(k,)  and also the value of v the bisoliton 
superconductivity model is conveniently divided into three cases. 

1. EF 9 ho(k,) ,  1 6 1. These conditions are typical for metal systems. The expressions 
for the energy spectrum and the band value take the form 

E,, , (k)  = & l [ E ( k )  - + A 2 ,  (3.3) 
d = 8hCO(kF) e-”’, (3.4) 

where the values E, and ho(k,) are typical for metals, v > 100. Equations (3.3) and (3.4) 
are analogous to the corresponding energy and band values in the BCS theory. It should 
be noted in this case for A the isotopic effect holds as in BCS theory. 

2. For E, > hw(k,), v > 1. This case is typical for ceramic oxides. Indeed, at 
k ,  z lo7 cm-’, c z lo5 cm/s, m w lorn, we get v = 5. 

Comparing the bisoliton theory with experiment [3,4] leads to values v for ceramic oxides 
lying within the range 1 < v < 10. 

3. For E, < ho(k , ) ,  v = 1. This case has been called the charge density wave [7]. Although 
formally the conditions for the existence of superconductivity are satisfied [S], the 
dissipativeless transfer is improbable here because of pinning. The pinning probability of 
the bisoliton condensate is much less at v > 1. But, in this case, with increasing v the energy 
gain of the system under the formation of the superconducting condensate decreases, which 
naturally leads to a decreasing transition temperature. 

Thus, according to (3.1), the change in the concentration of carriers in the system or the 
parameters characterizing the system can result, along with a continuous variation of the 
superconducting band value, to its jump-like change by the condition (2.5). The number v 
then undergoes a change, too. These peculiarities should be manifest in experiments studying 
the current in metal-dielectric-superconductor systems. 

4. Current-Voltage Characteristics 

We consider a system composed of a metal in the normal state, a dielectric barrier, and a 
superconductor, as is shown in Fig. 1. When there is contact between the metal needle and 
the superconductor surface, the latter in the near-surface region can be characterized by 
different concentration values of carriers and parameters v in each of the regions Si. With 
changing concentration the gap value undergoes a constant change. The v variation leads, 
by (3.1), to a jump-like change of the gap. 

As is suggested in [9] and used in [lo] the common current in such a system can be represent- 
ed as a sum of the tunneling currents from each superconductor region to the metal contact. 
Thus, the total current that runs through the system shown in Fig. 1, is determined by 

I = E l i ,  
I 

where 
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SL 

Fig. 1. The metal(M)-dielectric(D)-superconductor(S) 
structure 

D 

ei is the carrier concentration in the i-th region of the superconductor characterized by Ai ,  
the value of the superconducting gap. f is the Fermi distribution function for current 
carriers, c( the conductivity caused by the Josephson component [ll]. The dependence of 
the conductivity c = dI/dV on the magnitude of the applied potential for the case of an 
inhomogeneous superconductor composed of two regions with A , / A ,  = 312 at k B T , / A  = 0.1 
and Io2/Zo3 = 0.75 is shown in Fig. 2. Current-voltage dependences of this type are observed 
for many HTSC [l, 21. It should be noted that the values for the quantity A obtained 
experimentally are well described by the function A ,  = A o / n  established empirically, where 
n are integers. Thus dependence directly follows from (3.1). 

5. Conclusion 

Thus, in the metal-dielectric-superconductor system, when the latter has an inhomogeneous 
structure, peculiarities can arise near the surface in the current-voltage dependences. These 
indicate the existence of superconducting regions with the different gap values. The value 
of the gap magnitudes is well described empirically by the law with n lying within the range 

0 

Fig. 2. The conductivity dependence (T = dlJdV on the 
external potential for the inhomogeneous superconductor 
with A J A ,  = 312 

2 
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1 < IZ < 10. It should be noted that these peculiarities in current-voltage characteristics 
cannot be explained by a simple change in the carrier concentration since in this case the 
gap magnitude variation would not be discrete. The multigap structure leads, naturally, to 
a large range in the ratio 2A/k,Tc = p .  If the critical temperature in the superconductor 
volume is due to the presence of the gap A* with the number v = v* ,  then for the remaining 
gaps from (3.1) we get the relation p = p*v*/v where p* = 2A*/k,T,. Depending on the 
ratio v*/v gaps with p larger or smaller than p* will be observed. 

Thus, the multigap energy structure and the large range in the p ratio observed in 
experiments, can be naturally explained in the bisoliton superconductivity model. 
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