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The possibility of observing convective heat transfer and second sound in superconductors is 
discussed. The change in the single-particle excitation spectrum and, in particular, the 
existence in superconductors of exciton excitations can in principle greatly reduce the role 
played by impurity scattering. As a result, the attenuation of second sound may be substan­
tially diminished, while the convective transfer of heat may increase markedly. Some experi­
mental data relative to superconducting lead are discussed. A mechanism is indicated which 
may lead to a Knight frequency shift in superconductors in the case of small samples and 
strong magnetic fields. 

THE possibility of the simultaneous existence in 
superconductors of superconducting and normal 
currents with densities Js and Jn should lead to 
the appearance of convective thermal transport in 
a non-uniformly heated metal, particularly in the 
absence of a total current j = j s + Jn (see [t J). 
A number of estimates[2- 4J have led, however, to 
the conclusion that this effect is insignificant. 
This is explained, in the first place, by the strong 
friction opposing the movement of the normal com­
ponent of the electron fluid, which is due funda­
mentally to the presence of a residual resistance. 
On this basis, one may conclude that the propaga­
tion of weakly-damped second sound in supercon­
ductors is impossible. 

Actually, within the framework of two-fluid 
hydrodynamic theory, by analogy with the case of 
superfluidity[5] we obtain directly, in the linear 
approximation, the equations 

a; jjat = -vP-Pn0VVn +~PoE, 
av. e 
- = - "''· + - E at v r m ' 

~+d" m • -0 at IVeJ- , 

divE = 4ne (p- p0), 
me dp = SodT + Podfl., 

m. + -eJ=PsVs PnVn, 
• e 
]s = m PsVs, 

Here the zero subscript refers to the ground­
state values, and is omitted hereafter. The mo­
mentum current density is taken to be ( m/e)j, 
where e/m is the free electron charge-to-mass 
ratio; E is the dielectric constant, which is not 
connected with the motion under consideration, 
and v is a certain effective number of collisions. 

If we discount the possibilit~ that the value of 
E may be anomalously large,[6 which in any case 
lies beyond the bounds of the model used, the 
plasma frequency w0 = .../ 47re 2AJ /lll2E turns out to 
be extraordinarily high. The system (1) for the 
propagation of low-frequency waves proportional 
to exp i ( wt - k · r) leads therefore to the relation 

k2 = w2 ( 1 - i p: ;; ) 
PnP [(as 1 aT)r (ap 1 ap)r- (as 1 aP)r (ap 1 aT)r l (2) 

x p.s• (ap 1 ap)r • 

We obtain from this, for v = 0 and ( BS/BT) ( Bp/8p) 
» ( 8S/8p) · ( 8p/8T), the well-known formula for 
the second sound velocity in He II: 

U2 = Y p5S 2T / ppnC' (3) 

where the entropy S and the specific heat C 
= T8S/8T are referred to unit volume, p is the 
total density,of the electron fluid, and Ps and Pn 
are the respective densities of the superfluid and 
normal components of the fluid. 

If for normal motion in superconductors v is of 
the same order as in the non-superconducting case, 
then there can be no possibility for propagation of 
low-frequency second sound.* Actually, the attenu­
ation in (2) will be weak provided v '""v0/ls « w 
( v0 '"" 108 is the velocity at the Fermi boundary, 

*We note that the extremely strong attenuation of second 
sound in superconductors has been emphasized in a number of 
papers.C•·•J I. M. Khalatnikov and the author arrived at the 
same conclusion, independently of one another, some two 
years ago. 
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while l s is the mean free path for scattering by 
impurities). This gives ls » v 0 /w"' 108/w, and 
even for w ""' 108 the extremely stringent condition 
l s » 1 em must be fulfilled. 

Even this condition, however, is insufficient if 
the inequality A. = 21ru2 / w » l 0, required for the 
application of hydrodynamic theory, is not satis­
fied. The effective excitation mean free path Z0 

necessary for establishment of hydrodynamic 
flow is of the same order as the mean free path 
le for electron-electron collisions only when Ze 
« ls. Further, for a normal metal le "' ( 1/aen0)x 
( E0 /kT) 2 "'3 x 10-3 ( 100/T)2, where ae "'10-15, 

n0 "' 3 x 1022 , and Eo is the en.ergy at the Fermi 
boundary (see, for example, [s] ). Hence, for T 
~ 3° we have Ze "' 3 em, while in a superconductor 
le is even larger, due to the appearance of the 
factor exp ( 26./kT) ( 26. is the width of the gap forma­
tion of two single-particle excitations). For u2 

"' 104 (see below) and le "' 10 we arrive at the 
wholly unrealistic conditions w « Ze/27ru2 ""104 

and ls » 108/w ""'104 - 105 em. 
Nevertheless, the possibility of the occurrence 

of second sound in superconductors merits more 
careful attention. The fact is, that the spectrum 
and character of the excitations in the supercon­
ducting state differ radically from those prevailin(s 
in the normal state. Thus, in the isotropic model 8] 

the single-particle excitations in superconductors 
possess the following energy and velocity: 

p•- p~ p2 
e =~= 2m -eo; 

dE v 0e 
V=dp:::::::E, Vo=~. 

m 

Since in the simplest case the number of collisions 
is proportional to v, then in the superconducting 
state v(s) = v(n)v/v0• If the Fermi surfaces are 
complex, one can assume that for a sufficiently 
large number of excitations v(s) is much smaller 
than v(n). It is unlikely, however, that v should 
change in these circumstances by many orders of 
magnitude. 

The situation may prove to be more favorable 
with regard to transverse collective excitations 
( excitons ), which appear under certain conditions 
in superconductors* (see [s,8,10- 13]). The scattering 

*The conclusion that the excitation spectrum of a super­
conductor is a mixed one, and incorporates both Fermi and 
Bose (photon) excitations was discussed some time ago. [6] 

Only the microscopic theory, however, was under considera­
tion (the term "photon" used in[6] for electric waves in the 
medium is identical in present-day terminology with the term 
"exciton;"[14] in[6] retardation was regarded as of fundamen­
tal importance, while in[•·•o-u] the excitons correspond to 
poles of the permittivity E(w, k). 

of excitons by impurities is diminished for anum­
ber of reasons. Thus, in the long-wave region col­
lective excitations are in a number of cases only 
weakly scattered, since the energy of their inter­
action with impurities contains the wave vector as 
a factor. As an example, we may point to the scat­
tering of phonons and long-wave excitons (photons) 
in non-conductors. As regards excitons in super­
conductors in the long-wave region, neither the 
character of the excitations themselves* nor their 
law of scattering is as yet sufficiently clear. This 
region, however, is of least importance, since the 
corresponding excitons are extremely few in num­
ber and cannot contribute significantly to Pn· How­
ever, for excitons having a sufficiently large wave 
vector q, these playing the principal role, the ef­
fective cross section for scattering by impurities 
can fall sharply, as a consequence of the large size 
of the excitons. 

In fact, to a certain approximation [ 12 ,13] an ex­
citon can be regarded as an excited Cooper "pair" 
having the wave function '\II = eiq·Rcp( r), where R 
= ( m1r1 + m2r 2 )/( m1 + m2 ) locates the center of 
mass of the pair and r = r 2 - rt is the relative 
separation of its components. We shall now con­
sider the scattering of the pairs by impurities, in 
which the interaction energy is 

Then, in the Born approximation, the transport 
cross section for elastic scattering of the pairs is 
( M = mt + m2, <ID =sin 9 d8 dcp) 

!5tr = 4::;~4 ~ (l-cos6)1j~{A1D1(~- ';; r) 

+ A2D2 ( ~ + ~ r )} e'<q-q')R I qJ (r) 12 d~ dr \ 2 dQ. (4) 

The size of the pairs is characterized by the 
parameter a, which is of the order of or greater 
than ~ 0 ,.., 10-4 - 10-5 em. D1 ,2 can therefore be re­
placed by a o -function. Setting, for simplicity, 
cp ( r) = cp ( r), mt = m2 = M/2, and A1 = A2 =A we 
have 

~ 00 2 
_ 32nM2A2 \' { \' sin (qr sin (6 I 2)) I !p (r) /2 d } 

151' - 1i4 .) .) q sin (6 1 2) r r 
0 0 

x(l-cosB)sinBd6. 

If qa « 1, then Utr = 4M2A2/7Tli~, since 

4n ~ I qJ (r) 12 r 2 dr = I. 

(5) 

*For non-conductors, it is known (see, for example, [•4Dthat 
in the long-wave region one must take retardation into account. 
We are not clear as to the region of applicability of the re­
sults of[u,u], especially for long waves. 
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For qa » 1, on the other hand, the cross sec­
tion otr is, generally speaking, extremely small. 
At the same time, for excitons whose energy Ee 
is near 2D., the size of the pairs increases greatly, 
and a » ~ 0 (see [ 12]). To this must be added the 
fact that the velocity dEe /dq of the pairs is also 
extremely small when q is large and E "' 2D. ( see 
the dispersion equation (3.22) in [ 13]). There is 
thus an established basis for assuming that a sig­
nificant fraction of the pairs is extremely weakly 
scattered by impurities; and the hypothesis that 
for excitations of the exciton type v (s) is smaller 
by many orders of magnitude than v(n) does not 
appear improbable, although it can by no means be 
considered as proven. 

In connection with what has been said, let us 
suppose that there can exist a group of excitations, 
most probably excitons, possessing low friction. 
These excitations, then, could make a considerable 
contribution to the transport processes, and make 
possible as well the propagation of second sound 
in superconductors (the latter, of course, being 
less likely). If we assume that the exciton mean 
free path satisfies certain conditions, which are 
evident from what has already been said at the 
beginning of this article, then the second sound 
velocity u2e = .J psS~ TIPPneCe, where Se. Ce and 
Pne are the contributions these excitations make 
to S, C, and Pn (as before, however, Ps and p 
refer to all of the conduction electrons, and, of 
course, p '~" Ps + Pne) · 

As we pass from one metal to another Pne• Se 
and Ce will obviously change greatly; only for Pb 
and Hg among the metals studied are these quanti­
ties relatively large. Anomalous behaviour of the 
specific heat is, in fact, observed in Pb and 
Hg,Ct 5] and microwave absorption sets in for tiw 
< 2D. (see [16,1 7]). These two effects, if they are 
to be associated with exciton excitations, cannot 
be explained within the framework of the theory of 
weak binding of the electrons with the lattice.[B,t2] 

In both Pb and Hg, on the other hand, the binding 
is relatively strong, and the usual approximation 
is probably not applicable ( we note that for Pb, 
Hg and Sn, respectively, the ratio 103Tc /8n has 
the values 76, 52, and 19 (see [t7]); here Tc and 
9D are the critical and Debye temperatures re­
spectively). From the point of view of this hypoth­
esis, second sound propagation may most probably 
occur in Pb and Hg. If all of the values for Pb 
are taken for the simplest model of a supercon­
ductor*, then, from Eq. (3), u2 = 2.2 x 104 at 

*The following values have been used: [•] p = mn = 1.8 
x 10-5 (AL(O) = 3.7 x 10-6 ), yTc = C0 = 1.22 x 104 , T/Tc 
= 0.54, S/C0 = 0.17, C/C0 = 0.59, PniP = 1-p8 /p = Q.21. For 

T = 3.9°. It may be presumed that u2e does not 
differ from u2 by more than an order of magni­
tude, since the quantity st IPneCe is considerably 
less sensitive to changes in the various parameters 
than Pne• Se, or Ce themselves. 

If a group of excitations having sufficiently 
small friction exists at all, then propagation of 
second sound is possible in principle, even for 
extremely small values of Pne and Se, although 
in the latter case this sound would be more diffi­
cult to excite and detect. As regards Pb and Hg, 
one may expect an appreciable contribution by the 
exciton excitations to the thermal conductivity, as 
well as to the specific heat, resulting from con­
vective heat transfer. The possibility of such an 
effect for Pb was discussed some time 
agoP 8•19•2•3] but seemed highly unlikely on theo­
retical grounds. On the other hand, an alternative 
explanation of the experiments with Pb - Bi 
alloys, based upon consideration of the part played 
by the thermal conductivity of the lattice, meets 
with difficulties [a] ( in order to explain the data 
of [ 1s], the lattice thermal conductivity for an 
alloy containing 0.5% Bi, to take one example, 
would have to be higher than for an alloy with 
0.02% Bi ). 

In the light of the ideas advanced above, it 
seems probable to us that convective heat trans­
port has actually been observed in Pb. We note 
that in non-cubic metals (here, mercury is of 
especial interest) under certain conditions a total 
current j must flow during the heat transfer 
process, and, consequently, that magnetic meas­
urements are also possiblePJ During convective 
heat transport the normal fluid is transformed at 
the boundary of the superconductor into superfluid; 
as in the case of He II, therefore, a temperature 
discontinuity can arise. 

We should also point out another possible role 
of the convective mechanism, viewed as an explan­
ation of the peculiar behavior of the thermal con­
ductivity in the intermediate state.[3•18 •19] With the 
density Pn there is associated a charge ( e/m )pn; 
on the other hand, the mean free path of the exci­
tons may be large. Their contribution, therefore, 
to the "normal conductivity" and to the surface 
impedance Z might be significant even for small 
Pne· In this view, attention is drawn to the fact 
that in a number of cases the quantity R = ReZ 
exceeds the value calculated without taking exciton 
excitations into account;[2o] the complicated de­
pendence of Z upon an external magnetic field [ 21 J 

Sn: C0 = 4.1 x 103 , p = 2.05 x 10-5 (AL(O) = 3.55 x 10-6), and 
u2 = 8.6 x 103 em/sec (for T /T c = 0.54, T = 2°). 
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also remains unclear. ( In computing the effect of 
a field upon the current in a superconductor, 
Miller[22 J made use of an assumption which was 
tantamount to neglecting transverse excitons). 

Finally, let us turn to the problem of the Knight 
frequency shift in superconductors. Experimental 
dataC23 •24J testify to the fact that for T « Tc the 
Knight shift is smaller by only 20- 30% than in 
the normal state. At the same time, it follows 
from theory that at T = 0 this shift must be equal 
to zero.C8 •25 •26] In view of this contradiction, 
Abrikosov and Gor'kov[ 26] not only criticized 
certain hypotheses concerning the origins of the 
Knight shift in superconductors, but also expressed 
general doubts concerning the reality of the effect 
itself. It seems to us, however, that as regards 
the experiments [ 24] discussed in [ 26] these objec­
tions do not apply at all. In these experiments the 
samples (fine particles of Sn) were of graded 
dimensions, much smaller (by tens of times) 
than the field penetration depths. Furthermore, 
while the fields employed exceeded 1200 oersteds, 
they were nevertheless considerably below the 
critical field [He( 0) RJ 2.5 x 104 ]. There is no 
basis, therefore, for assuming that supercon­
ductivity was destroyed in parts of the samples. 
Despite the small sizes of the particles, their 
critical temperature was 3. 71 o, which is lower by 
only 0.02° than the Tc of bulk Sn. It must there­
fore be presumed that the fundamental state of the 
superconductor in the particles investigated in the 
absence of a field was the same as in the bulk 
metal, and conformed to the representation of the 
contemporary theory of superconductivity, which 
for Sn agrees well with experiment.[a] 

An attempt can be made to explain the presence 
of a Knight shift as due to the effect of the strong 
magnetic field used in these experiments [23 •24] 

upon the exciton levels. From the constancy of 
Tc noted above it may be presumed that for small 
samples these levels are close to the levels in the 
bulk superconductor (the smallest particle size in 
reference 24 is ~ 40 A, which is still considerably 
greater than the electron wavelength at the Fermi 
boundary tijp0 ~ 1 A). In the particles, however, 
it is inappropriate to speak of the motion of the 
exciton center of mass, and the energy of inter­
action of the exciton with the field H is 

e e2 

-2-- HL + 1-6--.([Hr])2. 
meff.c meff.c 

Here, L is the angular momentum of the 
exciton, which, it is assumed, is composed of two 

*HL = H • L; [Hr] = H x r. 

* 

identical quasi-particles of charge e and mass 
meff· Due to the small size of the samples the 
diamagnetic effect is inconsequential; thus, even 
for a particle of dimensions ~ 3 x 10-6 em 

!J.E ~ (e2 / 16mc2) H 2?i ~ 10-24H 2 • 

At the same time, the depression, associated with 
paramagnetism, of the lower of the Zeeman sub­
levels of the exciton level is D.E = - enl H/2meffC, 
where nZ is the angular momentum of the exciton. 
Even for l = 1 and meff = m we have D.E ~ 10-20H 
> 10-17, for H > 103• If the lower exciton level is 
sufficiently low ( Ee « 2D. "' 10-15 ), meff « m, or 
excitons are present with l » 1, then in the fields 
used ( H > 103) the lower Zeeman sublevel may 
reach the energy of the ground state. The latter 
thereby becomes unstable, and another state should 
arise which may show paramagnetic susceptibility. 

The suggestion just advanced seems to us 
scarcely probable, but it deserves attention in 
view of the fact that the experiments of [ 23 •24] 

have not been explained. Moreover, the hypothesis 
concerning the role of Zeeman splitting of the 
exciton levels can be checked; from this viewpoint 
superconductors should show no Knight shift in a 
sufficiently weak field. 

The problem of excitons in superconductors is 
among those which have been least studied, while 
for the most interesting case of metals of the type 
of Pb and Hg no theory exists at all. For this 
reason, therefore, it seemed appropriate to us to 
devote the present article to questions of merely 
hypothetical character. Moreover, even if our 
suggestions turn out to correspond only in part to 
reality, then the part played by excitons in super­
conductors may be considered to be as great as in 
the case of semiconductors. Here, evidently, a 
whole province is laid open for new experimental 
and theoretical investigations. 

In conclusion, I take this opportunity to thank 
G. P. Motulevich for discussing the question she 
has raised concerning the possibility of observing 
second sound in superconductors, and L. P. 
Gor'kov for his comments. 
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