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The Cooper instability with respect to formation of superconducting pairs of electrons in the normal 
state of a narrow superconducting channel included in a circuit with a direct-current source is 
studied. The difference, due to the special diamagnetic properties, in the responses of the 
superconductor to electric fields induced in a closed circuit by a varying magnetic flux and by 
switching on a direct-current source is analyzed. Unlike the former case, in which a transition to the 
superconducting state is impossible, in the case of a circuit with a current source, in an electric field 
lower that the critical field E e2' superconducting centers develop (as in the transition to the mixed 
state in the field He 2 in type-II superconductors) and a transition occurs to a resistive state with 
nonzero superconducting order. The structure of the resistive state, with microscopic phase separation 
into layers of normal and superconducting regions alternating along the channel, is described. 

The broad resistive region between zero and normal 
resistances that is observed experimentally in the volt
ampere characteristics of superconducting films (cf., 
e.g., [11) evidently cannot be explained in the majority 
of cases, by the presence of an Abrikosov vortex struc
ture[2,31 or bf.: the structure of an intermediate state 
with current 4] , in view of the small dimensions of the 
samples. Despite this, there are general theoretical 
arguments which show that such a resistive region should 
also exist in narrow superconducting channels. These 
arguments are based on the existence of a maximum uni
form superconducting current jc, determined by the 
dependence of the number of superconducting electrons 
on the velocity of the condensate[s,6]. On the other hand, 
in the normal state of the sample, reduction of the cur
rent below a certain critical value jC2 should lead to 
the development of a Cooper instability and to supercon
ducting pairing of electrons, analogously to the manner 
in which this occurs in type-II superconductors below 
the critical field HC2 [21. Because of the difference be
tween the mechanisms determining the currents k and 
jC2, these currents do not coincide in the general case. 
Since the superconducting current state is a thermody
namically stable equilibrium state, in contrast to the 
nonequilibrium resistive state, we should expect that 
jC2 >jc. A natural limitation which arises here is that, 
in pure samples, the observation of the resistive states 
should be performed near the critical temperature Tc 
of the superconductor, when the currents are sufficiently 
small and do not damage the sample in the normal state. 

It is clear from the above considerations that, for the 
elucidation of the microscopic structure of the resistive 
current states ariSing in a superconducting channel in 
the range of currents ic < j < ic2' it is necessary to eluci
date first of all the character of the formation of super
conducting centers in the normal state with a current, 
i.e., to calculate the pattern of the Cooper instability 
and to find the critical current ic2' This is the purpose 
of the present article. 

To calculate the instabilit~, we shall make use of the 
kinetic equations proposed in 7-9] for the generalized 
electron-hole density matrix of a superconductor. These 
equations for the dt:nsity matrix y (Y(rl' r2) in the co
ordinate representation) can be linearized in the small 
correction lji, which is off-diagonal in the "electron-
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hole" isotopic space: 

l=l+,p, 
Tr(o.f> =Tr(o,j) =0, TI'¢=Tr(o,¢) =0. 

As a result, they acquire the form of generalized Liou
ville equations with a self-consistent field: 

at - -ide =[H+o,eV, tI 
(1) 

O¢ - - - -
iTt =[H+o,eV,¢]+[oxtl, tI, 

where 
H=o,(f+U)+v,Ji, 

s(r" r,) =(p,'l2m-eF)Il(r,-r,), 

(~.p) (r" r,) =v.(r,) p,l) (r,-r,), Ii (r" r,) =tl (r,) Il (r,-r,), 
V(r"r,)=V(r,)I)(r,-r'), p=-iV (n=c=1). 

(2) 

Here e and m are the charge and mass of the electron, 
EF is the Fermi energy, O'x, O'y and O'z are the Pauli 
matrices, Tr is the trace over the spin indices, and U 
is the potential for scattering of electrons by impurities; 
n=c=1. 

The superconducting order parameter A. is deter
mined from the self-consistency equation 

L\(r)=lh!g!Tr (ox¢(" r») (3) 

(g<O is the coupling constant of the electrons). 

The electric and magnetic fields appear in Eqs. (1) 
and (2) in the form of gauge-invariant combinations 

1 
p.=mv. ="2 Vx-eA, (4) 

where cp and A are the scalar and vector potentials of 
the electro-magnetic field, X + 2EFt is the phase of the 
superconducting order parameter, V is the electro
chemical potential, and Vs is the velocity of the super
conducting condensate. The phase X is determined from 
the continuity equation 

divj=O, 

p-p' [ 1 -] j(r}=Nev.(r)+ e--Tr -Il(r-r')-f(r, .'} 
2m 2 r' .... r 

(N is the electron density), which is equivalent to the 
condition that the parameter b. (3) be real: 
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0='/,1 gl Tr(cr,,~(r, r». 
From the definitions (4) and the Maxwell equations, 

the generalized London equations follow: 

rotp.=-eH, rotH=4nj, divH=O, 

(6) 

(7) 

in which, in view of the high electron density in metals, 
the displacement current is omitted. For the same 
reason, the Maxwell equation div E = 4rre5N is written 
in the form of the electro-neutrality condition 

151\'=0, 

N(r) =Tr[ 'j,I5(r-r') -cr.j(r, r') l,,~,. 
(8) 

Equations (1), (3), (5), (7) and (8) form a complete 
system of equations for the quantities f, ~, vs, Hand V. 
The electric field intensity E can be found, using (4) 
from the following relation: 

ap. 
eE=--eVV. at (9) 

we emphasize that this expression is just a formula 
for the calculation of the electric field E in terms of 
previously determined ps and V, and is not an equation 
for, say, the condensate velocity vs=ps/m. This is 
manifest, in particular, in the fact that the last Maxwell 
equation curl E=-BH/Bt, as can easily be seen, is satis
fied identically by virtue of the relations (9) and (7). 

Before proceeding directly to the calculations, we 
shall make the formulation of the problem more pre
cise and discuss certain questions associated with the 
phase of the order parameter, which are important for 
what follows. First of all, we shall discuss results from 
the work of Gor'kov[lOJ and Kulik[llJ that are relevant to 
the problem under consideration. In these papers, the 
fluctuational correction to the electric current in the 
normal state of a superconductor at temperatures below 
the critical temperature Tc was calculated. Although 
the negative differential conductivity which they obtained, 
which is due to fluctuations of the order parameter, does 
indicate a certain instability, these fluctuations turn out 
to be finite for all currents and electric fields and do 
not display critical behavior. 

At first sight, these results directly contradict the 
above assumption of the existence of a critical current 
jC2' In fact, as will be shown below, this is not the case. 
We note, first, the fact that the calculations in the pa
pers mentioned were performed in the gauge A =-Et, 
cp = O. Physically meaningful results should not, of 
course, depend on the gauge of the electromagnetic po
tentials. However, in a superconductor, the phase of a 
macroscopic quantity-the superconducting order 
parameter-is related to the gauge transformations, 
and this compels a more careful analysis of the situation. 

Decisive in the present case is the fact that, in the 
problem under consideration, there is a direct normal 
current in a closed conductor. There are two physically 
different possibilities for the creation of the electro
motive force (EMF) necessary to support such a current. 
In the first case, the EMF is created by a magnetic 
flux, varying with a constant rate, through the closed 
contour of the conductor. In the second case, which 
corresponds to the experimental situation, a current 
source with a so-called "external" EMF is included in 
the closed circuit. Because of its special diamagnetic 
properties a superconductor is extremely sensitive to 
changes of magnetic field and we can therefore expect 
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in advance that, unlike the normal metal, the supercon
ductor will respond differently to these two possibilities. 

From a formal angle, the case of a varying magnetic 
flux is a particular case of a varying electromagnetic 
field and is contained in the equations given above. We 
note that these equations could also be written with a 
complex order parameter and an arbitrary gauge for the 
potentials, without separating out the phase X (cf. [7J). 

We now consider those refinements which arise in the 
case when current sources are included in the closed 
circuit. The explicit introduction of sources into the 
formal framework of the theory is easily realized by 
adding to the Hamiltonian of the system (cf. [7J) the 
Hamiltonian of the sourcesl): 

desou = S dV[J (r) WI + (r) Wj+ (r) +/. (r)'ilI (r) WI (r) ], (10) 

where f(r) and 1/i(r) are operators creating and an
nihilating electrons at the point r, and J(r) is the given 
power density of the localized (and distant) sources. 
Since the sources are associated with charges of the op
pOSite sign (and by virtue of the total charge conserva
tion), the phase Xsou of the sources (J(r) = IJ(r)1 
exp(iXsou(r») is subject to the usual gauge transfor
mations: 

A ..... A+Vj, 

Calculating (in a manner analogous to the way in 
which this was done in [7J) the change per unit time of 
the mean number of electrons in a system with a total 
Hamiltonian which includes the source Hamiltonian (10), 
it is not difficult to obtain the following result: 

aN 
e-+ div j-J(r)d'(r)-J' (r)d (r), at 

d (r) -<Wj (r) 1Jl, (r) >, d'(r) -<'111 + (r) 'I1j+ (r) >. 
(11) 

An independent requirement imposed on the sources, 
and stemming from the formulation of the problem, is 
that the sources should not lead to accumulation of elec
tron charge in the conductor (the "source" and "sink" 
should be balanced), Hence, according to (11), we obtain 

x=x sou+nn, n=O, ±1, ±2, .... 

Thus, the inclusion of a source in the circuit leads to 
the result that the source "ties" its phase to the super
conducting order parameter, In these conditions, it 
turns out that Eqs, (1)-(9) are most naturally written 
in terms of the gauge-invariant quantities Ps and V, 
and this form, in fact, enables us to distinguish clearly 
the two above-mentioned possibilities of creating a con
stant EMF in a closed circuit. Integrating the expres
sion (9) around the circuit and taking the relations (4) 
and (7) into account, we obtain 

rh a<D 
'Y Edl=-a;+8 ext, 

1 a ~ 8ext=---15x=- VVdl 
2e iJt ' 

(12) 

where q, is the magnetic flux through the circuit and 
5X is the given discontinuity in the phase of the source 
and determines the source EMF. 

Another important consequence stems from the ar
guments presented: in a problem with a current source, 
the phase X should be determined independently from 
the more fundamental condition of charge conservation, 
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i.e., from Eq. (5) and not from the formally equivalent 
Eq. (6). 

The above account enables us to understand the re
sults of [10,11]. The choice of gauge (A=-Et, cP = 0) and 
the character of the approximations made (which are 
unavoidable in the calculations) predetermine that these 
results refer to the case of a closed conductor with a 
magnetic flux increasing in time2). But in these condi
tions the stability of the normal current state with re
spect to a transition to the superconducting state is 
obvious, since here a genuine "prescribed-voltage cir
cuit" is realized. In an electric field specified inde
pendently of the nature of the conductor and of its state, 
and determined only by the rate of increase of the mag
netic flux, a transition to a state with zero resistance is 
clearly impossible. 

In contrast to this, no real circuit with current sources 
is a "prescribed-voltage circuit." In this case, only the 
EMF's of the sources are specified, and the distribution 
of currents and voltages in the circuit is determined by 
Kirchhoff's rules (which are a consequence of conserva
tion of current (5) and of the second Eq. (12)) and thus 
depends on the nature of the conductors and their elec
tronic states. 

Returning to the instability problem, and having in 
mind the practically important case of the inclusion of a 
narrow superconducting channel in a circuit with a cur
rent source, we put aps/at=o in Eqs. (1)-(9) and, neg
lecting next the weak effect of the magnetic field due to 
the current, we drop the small quantity Ps in these 
equations. 

The first Eq. (1) determines the density matrix 1 
of the normal electrons. As already remarked, in view 
of the nonequilibrium character of the normal current 
state and the dissipation of energy, this state is pOSSible, 
generally speaking, only in the case when the presence 
of the electric field weakly perturbs the equilibrium 
state. Thus, in the leading approximation, the matrix 1 
is the equilibrium matrix: 

[H,i(O)] =0. 

With relaxation at impurities taken into account, the 
eqUilibrium matrix 1(0) has the following form: 

fO) = S dW+ (1+th 2~) Ii(w-H), 

1 (1 1) Ii(w-H)=- ------- . 
2:ni w-H-iO w-lI+iO 

(13) 

Using the procedure of adiabatic Switching-on of the 
interaction, well-known in linear-response theory[12], it 
is not difficult to find from Eq. (1) the correction to the 
equilibrium denSity matrix that is linear to the potential 
V, and then to calculate the current j and the change oN 
of electron density from formulas (5) and (8). Omitting 
the detailed calculations, which are analogous to those 
presented below, we write out the well-known final result: 

j=-an VV, 
Ne2-rtr 

On=--, 
m 

IiNeO, (14) 

(an is the conductivity of the normal metal). Thus, Eq. 
(8) is satisfied identically. Under conditions of linear 
homogeneity, the current conservation equation (5) 
leads to constancy of the current over the conductor. 
Equating the expression (14) for the current to the pre
scribed external current jext, we find the gradient of 
the potential V and, from formula (9) (with aps/at=o), 
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the electric field intensity E: 
E=-VV=j, .• ,!o". ( 15) 

To calculate the instability, we substitute the matrix 
f in the leading approximation (13) into the second Eq. 
(1) and solve this equation by means of a Laplace trans
formation with respect to the time: 

~(z)= S dte-"t(t), '&(z)= S dte-" 6.(t). 

An equation for the quantities 0(z) and a(z) follows 
from (1): 

[H+o,e v, ¢] + [a.,i, fO) ]-iz,p=-i~~o, 

where $0 is the small initial perturbation of z/!. 

( 16) 

Being interested only in the real positive pole (Rez > 0, 
Imz = 0, corresponding to the unstable solution) of the 
resolvent of Eq. (16) and of the self-consistency equation 
(3), we consider the corresponding homogeneous equa
tion (16). The solution of this equation has the form 

~ S dw ~ ~ - -tI> = -;;-:(w+i~-Jl-a,e V) -I [ox~, 1'")] (w-i~-H-a,e V) -', 
L~H (17) 

z=2~>0. 

It is necessary to substitute the solution (17) found 
into the self-consistency condition (3), and this will es
tablish a linear homogeneous equation for ~. To simplify 
the following calculations, we confine ourselves here to 
temperatures close to the critical temperature: 
(Tc-T)/Tc « 1. In this case, the "frequency" z, the po
tential V and gradients of all quantities are small and 
it is sufficient to confine oneself to the first nonvanish
ing terms in the expansion of $ in these quantities. In 
the zeroth approximation in the potential V, simple 
transformations in the expression (17), with (13) taken 
into ac count, give 

S,dw -.-1-[ax~,j<O)]--t-=S~~(1+th~) 
2m OlTI~-ll w-,~-Jl 2:ni 2 2T 

x [~(w+iz)a.'&~ (w-iO) -~ (w+iz) a • .&~ (w+iO) 

+~(o)-iO)a.~!1' (w-iz) -~ (w+iO)a.'&~(w-iz)], 
!1'(w) = (w-H)-'. 

(18) 

When this expression is substituted into the self
consistency equation (8), averaging takes place over the 
positions of the impurities that scatter the electrons. 
According to [12], as a result of such averaging the pair 
products of Green functions !Y'X!Y' must be replaced by 
the following expression: 

!Y' (w,) ax's!Y (w,) ~ II (WI, w,), 

( pp )'. (19) 
II (rio r,; w" w,) = 2:n S do exp ('pFn (r,-r,» II (n, p; s" s,; w" w,), 

r=ns+p, 

where the function IT satisfies the equation 

II (n, p; Sto s,; w" w,) = .f ds G (s" s; w.) ~x~ (p, s) 

+nv/ S do' it(n, n') i' a, II (n', p'; s, s'; w" w,)a,] G(s, s,; w,), (20) 

r=ns+p=n's'+p'. 

Here n is the unit vector defining the direction of 
motion of an electron with the large Fermi momentum 
PF = mVF, EF = pi<.f2m; s = n . r is the path traversed by 
the electron in the direction of motion (n . p = 0); f(n, n/) 
is the electron scattering amplitude at an impurity, and 
n is the impurity concentration. The free-electron Green 
function, averaged over the impurities, G is represented, 
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in the spatially uniform case, in the form: 

ds is 
G(s"s,; w)= f-exp (-(s,-s,») G(s, w), 

2-Jlvjo' VF 

G (s, w±iO) = ( w ± 2~ - a,s) -, , 
(21) 

where I/T=nvFfdo'lf(n, n')12 is the frequency of col
lisions of the electron with impurities. 

On substitution of the expressions (17) and (18) into 
Eq. (3), it is sufficient to take the function rr(r1, r2) (19) 
into account for equal arguments r1 = r2 = r only. Defin
ing a Fourier transform with respect to the coordinate r: 

1 d'q" 
IT(n, p; s, s; OJ" w,)=- - f-- e'" ~ (q)Q(n, q; w" w,)a., (22) 

v, (2n) 3 

we obtain from (20) and (21) the following equation for 
the Fourier transform Q: 

f ds 
Q(n, q; w" OJ,) =- - G(s+, w,)G(-s-, w,) 

2" 

x ({+nvF f do/lt(n, n') I' Q(n', q; 00" 00,»), s±=£ ±+vpnq. 
(23) 

As can be seen from the expression (21) for the 
Green function G(~, w), the function Q(W1' W2) deter
mined by Eq. (23) is non-zero only under the condition 
1m W1 = 1m W2' Taking this fact into account and collect
ing together the formulas (18), (19) and (22), we find 
the contribution of the zeroth approximation in the po
tential V to the right-hand Side of the self-consistency 
equation (3): 

f d'q" Igh,p f f doo 1 ( 00 ) --e"'~(q)-- do -"- Hth-
(21£)' 4 2"i 2 2T 

1 
x 2 Tr(Q(00+iz, oo+iO)-Q(oo-iO, oo-iz» (n, q), 

(24) 

where VF = mpF/1T2 is the density of states at the Fermi 
surface. 

After the integration over ~ in the right-hand side of 
Eq. (23), this equation determines the functions Q(w + iz, 
w+iO) and Q(w-iO, w-iz), which are analytic in the 
upper and lower half-planes of w respectively. In con
nection with this, it is convenient to substitute into the 
expression (24) an expansion of tanh(w/2T) in simple 
fractions: 

1 ( 00 ) e- iw• O 

- Hth- =T\"1--
2 2T ""' w-iw. ' (25) 

w.=nT(2n+1), n=O, ±1, ±2, ... 

After this, integrating over the frequency in the expres
sion (24) we obtain 

f d3q" Iglvp f 1: 1 --e"'~(q)-- doT -TrQ(n,!I;oo.,Z), 
(2,,)' 4' 2 w. 

where the function Q(n, q; wn, z), according to (23), 
satisfies the following equation: 

(2100.1+ + + z+ia, sgn oo.·vpnq )Q(n, q; w.,z) 

=1+nvpf do'lt(n,n') I'Q(n',q; oo.,z). 

(26) 

We shall find the solution of the latter equation by ex
panding it in powers of the small vector q: 

Q(O) _ 1 _ 1 z 
- 2lw n l+z - 2100,,1- (200.)' ' 

Q(I)=_ ia,sgnw."vpnq 
2100.1 (2Iw.I+1h:,,) ' 

f ~Q(2)(n)"" (VFq)' 
4" 3(2w.)'(2100.I+1h,,)' 
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1 1 
nvp f do'lt(n,n') I'n' =~n. 

'1:, 

Substituting these formulas into the expression (26), we 
finally find the contribution of the zeroth approximation 
in the potential V to the right-hand side of the self-con
sistency equation (8): 

Iglvp "2"T1: (_1 ____ Z_+ '/. (vp';7) , ) ~(r) (27) 
2 2100.1 (200.)' (200.)'(2Iw.I+1h:,,)" - -

~. 

The calculation of the term linear in V in the ex
pression (17) proceeds analogously. In this case, in the 
expansion in the gradients in this term, it is sufficient 
to confine oneself to terms of not higher than first order. 
As the calculations show, the contribution of this term 
to the self-consistency equation (3) equals zero. More
over, it should be noted that it turns out that 
Tr(uy$(r, r» "'0 in this approximation (cf. Eqs. (6) and 
(11». From a physical point of view, this corresponds 
to the accumulation of small (_A2) charges, compensating 
the electric field inside the superconducting center. 
From a formal point of view, there are no contradictions 
here, since in a problem with a given current the poten
tial V (and with it the phase X(4» is determined from 
the continuity equation: j =jext (Le., in view of the rela
tion (14), from Eq. (15», which is an equation of zeroth 
order in A, unlike the condition (6), which is linear 
in A 3). 

It must be emphasized that this point of the calcula
tions, in accordance with the arguments expounded earlier, 
is fundamental in character. With the aim of obtaining the 
so-called temporal generalization of the gauge-invariant 
Ginzburg- Landau equations [13J, one usually combines [14J 
the pair of equations (3) and (6), on an equal footing, into 
one equation for the complex order parameter. Hence, 
near the critical temperature Tc for sufficiently small 
frequencies, gradients and fields, in the linear approxi
mation in A an equation is obtained [14J which describes 
the dynamics of free fluctuations of the order parameter 
inside a superconductor in the vicinity of an equilibrium 
normal state. It was with the aid of precisely such an 
equation, supplemented by random forces, that the fluc
tuational conductivity was calculated, and the result ob
tained that the normal state is stable in an electric field, 
in the work of Kulik[llJ. However, as already remarked, 
such a formulation of the problem does not correspond 
to the usual conditions of an experiment with inclusion of 
a superconductor in a circuit with a current source. In 
these conditions, the situation turns out to be nonequi
librium from the very beginning, and the equation of [14J 
loses its meaning. This nonequilibrium character is 
manifested, in particular, in the fact that the phase X, 
together with the potential V, is determined from Eq. 
(15), in which the dissipative normal current (14) appears. 

In the last term, quadratic in V, in the expression (17), 
it is sufficient to confine ourselves to the local approxi
mation. When account is taken of the commutation prop
erties of the Pauli matrices, this term is equal to: 

A(eV)' ~ (~)2 f doo" (w+i~-Ii-a,a)-' [a., 1(0) 1 (oo-i~-Ii-a,a)-' 
2 aa 2m 

1 1 ( iJ )' ~ =2~(eV)'2 Ta (l~-Ii-a,a)-'[a.,r')l (a-+O, ~-++O). ' 

Substituting formula (13) for 1(0) into this, we obtain 
the expression 

~~(eV)2 .~(~)2f dOO'~(1+th~) 
2 2 ia~ 2 2T 

x (a,{J(w-Ii) + (J(OO-Ii)a,) 
w+i~ w-i~' 

(28) 
s-++O. 
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We shall make use of the relation 

1 
Tr{)(oo-H) (r, r)=-gSp{)(oo-H)=v. 

(n is the normalization volume), which is valid by virtue 
of the inequality w« EF. Taking this relation and for
mula (25) into account, we find that the contribution of 
(28) to the right-hand side of Eq. (3) is equal to 

_ Iglv. 2nT ~_l_.~(eV)'~. 
2 i..J 100.1' 2 

Collecting the contributions (27) and (29) in Eq. (3) 
and performing well-known [12J transformations, we 
finally obtain the following equation for .:1: 

(29) 

[ ( a)' 14~(3) (eEX)'] (8 ) -D ax +-n-T, nT, ~(x)= ~(T,-T)-z ~(x), (30) 

D = 8v.' ~ __ 1_ (2nT,(2n+1)+~)-' 
3n' i..J (2n+l)' 't" (31) ._0 

In Eq. (30), we have taken into account the fact that 
the instability develops in the direction of the electric 
field E, which is taken to be along the x axis. The ob
tained equation (30) clearly corresponds to the temporal 
equation of [14J, but for the real parameter .:1: 

~=[~(T'-T)+DV'- 14~(3) T,(~)']~. 
iJt n n nT, 

As can be seen from Eq. (30), for large electric 
fields E we have z < O. The point of instability in the 
critical field EC2 corresponds to z = O. From a formal 
point of view, the problem of determining the form of the 
superconducting center and of the critical field EC2 coin
cides completely with the analogous problem for the 
transition to the mixed state in the field HC2 [2J. Hence, 
comparin~ Eq. (30) with the corresponding equation of 
the paper 2J, we can obtain the relation 

E"=nll,, 1/2nDTein (3). 

It must be noted, however, that this relation is formal in 
character, since really the field HC2 has meaning only 
for a bulk type-II superconductor. 

Expressing the field EC2 directly in terms of the co
efficients of Eq. (30), we obtain the following formulas 
(in the usual units) for EC2 and the critical current iC2: 

E = 4k(T,-T),/ 2nkT, 
" e V n(3)/iD 

(32) 

(k is Boltzmann's constant). 

The result (32) obtained has a simple physical mean
ing. The instability begins to develop when the energy 
acquired by an electron in the electric field over the 
coherence length ~(T)- v'D!(Tc-T) becomes less than 
or of the order of the condensation energy 

Il(T)-l/T,(T,-T) 
(eE~ (T)";11 (T)). 

It is not difficult to convince oneself that, as was as
sumed at the beginning of the paper, the critical current 
iC2 is always greater than the "pair-breaking" current 
ie. We note also that the temperature dependence of iC2 
near T c turns out to be linear, in contrast to the cur
rent ic-(Tc -T)3/2. 

The coefficient D (31) can be calculated in two limit
ing cases: a "clean" (TtrTc» 1) and a "dirty" (TtrTc« 1) 
superconductor: 
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7~ (3)v/ 
on''T, ' 

(1:(3) is a particular value of the Riemann zeta-function). 
Correspondingly, the field EC2 (32) in these cases has the 
form 

E" = S1/3(nk), T, (T -T\ 
't"T,~l: 

7~ (3)e/iv. 

't"T,<t:l: E,,= 4k(T,-T) Y 6nkT, 
OFF n(3)/i"t" 

(33) 

From the latter formulas (33), we can obtain an es
timate of the proximity of T to Tc necessary for the 
observation of resistive states (in the whole range of 
currents ic < i < ic2) in "clean" superconductors. Since 
the energy acquired by a normal electron over the mean 
free path 1-vF T in the field EC2 should be small com
pared with the temperature, according to (33) we obtain 
the following inequality in the case TT c »1: 

(T,-T)!T,<t:~oll (~o-vF!T,). 

The figure shows the experimental temperature de
pendence of the field EC2 , obtained by Dmitriev and 
Churilov[15,16J. In addition to the clear linear depen
dence, the estimate of the fields EC2 from formula (32) 
also agrees with the experimental data in order of mag
nitude. 

In conclusion, we shall discuss the descri~tion of the 
microscopiC structure of the resistive state 16J, which 
arises as a result of the development of the instability 
considered, Clearly, in a resistive state in a super
conducting channel, a microscopic phase separation, 
with alternating normal and superconducting regions 
along the channel, should occur. Because of the non
equilibrium nature of the resistive state, we should ex
pect that this structure will be dynamic, and this, in turn, 
should lead to the experimentally observed[15,16J genera
tion of electromagnetic waves. 

A detailed calculation of this picture will be published 
later, but here we make the following comment. For 
non-zero (on the average) superconducting order along 
the channel, an unlimited increase of the electrochem
ical potential, which would "drain off" electrons from 
the Fermi surface, in the vicinity of which the supercon
ducting pairing occurs, is impossible. From this, ac
cording to Eq. (9), it follows that, in the presence of a 
constant electric-field component (Le., resistive charac
ter) in the channel, it is necessary in the regions .:1=0 
to introduce discontinuities of the phase X and, corre
spondingly, of the potential V. These discontinuities of 
phase are related to the vortex Singularities in the theory 
of the mixed state [2J, and from a formal point of view 
their origin is associated with the fact that the super
conducting condensate is, in itself, a self-consistent 

0,5 

O.¥ 

0.3 

o,z 

OJ 

0.96 
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"source" and "sink" of electrons. The latter remark 
permits a deeper understanding, from the energy point 
of view, of the difference in the response of supercon
ducting electrons to electric fields created by a varying 
magnetic field and by a direct-current source. From 
this point of view, work can only be performed on the 
superconducting condensate by varying the magnetic field. 
As regards the current source, this, as must be the case 
by the nature of the phenomenon of superconductivity, 
does not do work during the passage of the supercon
ducting current. 

The author is grateful to Y. M. Dmitriev and G. E. 
Churilov for providing and processing the experimental 
data on the critical field. 

l)Since both directions of the electron spin are equivalent in the theory 
under consideration, it is convenient, as is done here, to introduce im
mediately a source of pairs of electrons with opposite spins, without 
limiting the generality of the treatment by doing this. 

2)This is clear, if only from the fact that integration around a long closed 
conductor gives: f A·dl = -t~E.dl = <1>, whence a<l>jat * O. 

3)Here there is an analogy with the electro-neutrality condition liN = 0 
(8), which can, generally speaking, establish electric fields such that 
divE * 0 in the next approximation. 
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