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The difference between acoustoelectric and thermoelectric phenomena in superconductors
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The acoustoelectric effect in superconductors is discussed. It is compared with the acoustoelectric effect in

normal conductors, as well as with the thermoelectric effect in superconductors. We come to the conclusion

that, in contrast to the thermoelectric effect, the acoustoelectric effect can be observed in a monometallic

superconducting loop. The necessary condition is an asymmetric distribution of the acoustical flux, which is

schematically depicted. Different ways of enhancing the acoustoelectric effect are also discussed. It is

pointed out that the enhancement of the effect may be achieved if an acoustical wave propagates in a part of
a loop where a large number of magnetic flux quanta are trapped. Some possible masking effects (such as
discussed by Pegrum and Guenault) which may prevent observation of acoustoelectric and thermoelectric
effects are discussed. We discuss also the ways to diminish these masking effects and to extract the effects in

question from the experimental data.

The purpose of the present paper is to discuss
some special features of acoustoelectric effect in
superconductors. This effect takes place if a
traveling acoustical wave propagates in the bulk
of a superconductor. It was first discussed by the
authors in Refs. 1-3.

Later, in his paper4 Falco also discussed the
acoustoelectric effect in superconductors. He
came to some important conclusions concerning
the possibility of its experimental observation.
At the same time we cannot agree with his state-
ment that in the geometry discussed by them
(Gal'perin et al."') there would be no effect. " We
shall discuss the difference between acoustoelec-
tric and thermoelectric phenomena in supercon-
ductors in detail. We are going to demonstrate
that while no thermoelectric effect can exist in a
loop consisting of a homogeneous conductor, acous-
toelectric phenomena can exist in such a loop pro-
vided it is acoustically nonhomogeneous, i.e., the
acoustical flux propagates only along a part of the
loop.

Qur other purpose is to discuss some further
aspects of the theory of acoustoelectric as well as
thermoelectric phenomena in superconductors, in
particular some possible ways of enhancing these
effects.

Let us begin with the description of acoustoelec-
tric and thermoelectric effects in normal conduc-
tors. Though these are well known, we think that
a discugsion of both phenomena in the normal state
might help one to reach a better understanding of
our point of view concerning superconductors.

In a normal metal a temperature gradient pro-
duces the well-known thermoelectric current

j(T) -gV T.

In order to obtain the total current one should add
to Eq. (l) the Ohmic term,

y( T) dT ~0 ~1

Ti Ty I +I'I

while the total thermoelectric current in a closed
circuit J'T' is

d &» = y&»ig, (6)

where R is the total resistance of the circuit.
If the circuit is made of a homogeneous conduc-

tor then n, =e», and V' ' as well as P ', van-
ishes, in accordance with the well-known fact that
it takes two different conductors to make a thermo-
pair.

Another way to understand this physical picture
is to use symmetry considerations. The thermo-
electric current in a closed circuit creates a mag-
netic flux. The magnetic field which is a pseudo-
vector is proportional to the temperature gradient
which is a true vector. So one needs another vec-
tor nonparallel to the temperature gradient to con-
struct a pseudovector as the vector product. In
the case of two different conductors one can draw
such a vector, say, from conductor I to conductor

cr being the conductivity. Thus, the thermoelectric
voltage across an isolated normal sample equals

T2V'r'= n(T) dT.
Tl

Here, T, is the temperature of the cold end of the
sample while T, is the temperature of the hot end;

(4)

is the Seebeck coefficient.
When studying thermoelectric phenomena one

usually deals with a circuit consisting of two dif-
ferent conductors: I and II. The thermoelectric
voltage across such a circuit is
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II. In the case of one homogeneous conductor
there is, in general, no way to draw such a vector;
therefore, no thermoelectric effect can exist.

I.et us turn to the acoustoelectric effect in nor-
mal conductors. As was pointed out by Parmenter
in Ref. 5, if a traveling acoustical wave propagates
along a conductor an acoustoelectric current j"'
appears. Usually it is proportional to the ultra-
sonic energy flux density S. If the sound propa-
gates along of a direction of sufficiently high sym-
metry then the vectors S and j"' are parallel. For
the sake of simplicity we shall consider only this
case which describes the usual experimental sit-
uation. To obtain the total current density one
should add to j"' the Ohmic term,

j—j(Q) + o,E

The acoustoelectric voltage across an isolated nor-
mal sample equals

j"'(x)dx,

where one should integrate along the whole length
L of the sample. Here we have taken into account
the fact that the acoustoelectric current j"' is us-
ually coordinate-dependent because sound is ab-
sorbed in a conductor and therefore the sound in-
tensity S depends on the coordinate x along the
sample.

The total acoustoelectric current in a closed cir-
cuit is

g(a)' y(a )/g

where 8 is the total resistance of the circuit.
We see that while it is necessary to use a bime-

tallic sample to observe the thermoelectric effect,
the acoustoelectric effect can exist in a homogen-
eous monometallic sample because the distribution
of an acoustical flux itself can create the necessary
inhomogeneity. In other words, the pseudovector
of the magnetic field in the last case may be pro-
portional to the vector product of two vectors, one
of them being the acoustical-energy-flux-density 5
while the other one characterizes the symmetry of
the acoustical-flux distribution. The acoustoelec-
tric effect vanishes only in the special case where
both the sample and the distribution of acoustical
flux are symmetric. Both situations are schemat-
ically illustrated in Fig. 1.

We think that -the simplest experimental arrange-
ment for observing the acoustoelectric effect is of
the sortdepicted in Fig. l. In part I of the closed
circuit a traveling acoustical wave propagates,
while in part II there is no acoustical flux. The
acoustoelectric effect can manifest itself by the
magnetic field created by a circular current. Both
parts of the circuit may be made of the same met-

(a)

FIG. 1. Schematic picture of the acoustoelectric ef-
fect. All parts of the circuit are made of the same ma-
terial: (a) The acoustical wave propagates only in part
I. The observation of the acoustoelectric effect is pos-
sible. (b) the acoustical flux S is symmetrically dis-
tributed among parts I and II. There is no acoustoelec-
tric effect, in accordance with the conclusion of Paleo.

al, as well as of different metals. However, it is
better to use the same metal for this purpose be-
cause usually sound absorption is accompanied by
the formation of a temperature gradient. There-
fore, in the case of a bimetallic loop the acousto-
electric effect may be masked by the thermoelec-
tric one, whereas there is no masking thermo-
electric effect in a monometallic loop.

Now let us turn to the immediate purpose of our
paper, i.e., the discussion of the acoustoelectric
effect in superconductors. At finite temperatures
there are normal excitations in superconductors
which behave essentially in the same manner as
electrons in normal conductors. In particular,
they are dragged by a traveling acoustical wave
and, as a result, a normal acoustoelectric current
appears. We shall use the same notation ~

"' for
the density of this current. As in a normal metal,
it is proportional to the acoustical-energy-flux-
density 5. (The exact expression for l

"' in terms
of 5 will be given below. )

In an isolated sample the presence of a normal
current is offset by a supercurrent

(lo)

where X is the phase of the order parameter, I3 is
a constant which in the effective-mass approxi-
mation equals eN/2m (where e is the electron
charge), while N, (T) is the so-called superconduc-
ting electron concentration. The last quantity eq-
uals the total electron concentration N, in the limit
T-0. On the other hand, if T, —T«T, (where T,
is the critical temperature of the superconductor)
we have

N, (T) = 2N, (T, —T)/T, . (l l)

The sum ~
"'+~ "' being zero, one may conclude

that the traveling acoustical wave (as well as any
other sort of perturbation that produces a station-
ary voltage across a sample of a normal conduc-
tor) creates a stationary phase difference in a su-
perconductor. To calculate the phase difference
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one should replace 0 by PN, in the expression for
the voltage. For the acoustoelectric phase differ-
ence 5y"' one has

(12)

We think that the simplest experimental arrange-
ment for observing the acoustoelectric effect in
superconductors is a monometallic loop, as sche-
matically depicted in Fig. 1. The measured. quan-
tity may be the magnetic flux through the loop. In
order to calculate this quantity, it is necessary to
use the gauge-covariant generalization of Eq. (10):

] "=2PN, p /h p = ~)t'f&y —(2e/Kc)A],

where A is the vector potential.
Since the total current density in the bulk of a

superconductor is zero, one can write

&y = (2e/cS)A —(I/gN, )j &". (14)

In order to determine the total magnetic flux
through the loop,

curlA dS = A dr,

one may integrate Eq. (14) along the closed path
within the bulk of the superconducting loop where
the total current vanishes. Inasmuch as

I

Vy dr= 2gn, (18)

e being an integer, we get the following expression
for the total magnetic flux through the loop:

(17)

2J, cos g6X"'t
!

if we suppose for simplicity that the critical cur-
rents of both weak links of the interferometer are

(18)

where Q, = eke/e is the magnetic-flux quantum.
It might be worthwhile to point out here that

there are other ways to observe the acoustoelec-
tric effect in superconductors. For instance, one
may use the Zimmerman and Silver interfero-
meter, the Mercereau interferometer, or some
more complicated scheme consisting of supercon-
ductors and weak links. We wigh, however, to em-
phasize that the acoustoelectric characteristics of
the superconductor enter any formula describing
the operation of such a device through the angle
5y" (or through the algebraic sum of the angles
for a series of superconductors). All the rest is
determined by the electrodynamics of the super-
conductors and weak links themselves. For ex-
ample, the critical current of the Mercereau inter-
ferometer is

equal to each other and denote them by J', (the cor-
responding formula for 6y"' was derived by the
authors in Hefs. 2 and 3). In the case of the Zim-
merman and Silver interferometer with one weak
link we get the following equation connecting the
magnetic flux P through the loop with the magnetic
flux created by the external magnetic field Q, :

1 2 Yj(T)
8 N, (T)

For a small temperature difference &T = T2 Ty

(2o)

where L is the inductance of the interferometer.
We see from these formulas, as well as from

the physical picture described above, that even if
all the parts of these systems, except the weak
links, are made of the same material, it is still
possible to observe the acoustoelectric effect in
such a system (in contrast to the opinion expressed
by Falco in Ref. 4) provided the system itself is
acoustically asymmetric.

I.et us discuss now the difference between acous-
toelectric and thermoelectric phenomena in super-
conductors. As early as 1944 Ginzburg' suggested
that in the presence of a temperature gradient,
there appears in a superconductor a normal cur-
rent of the form given by Eq. (1). The microscopic
calculation of the transport coefficient g for the
case of impurity scattering of the normal exci-
tations in a superconductor was made in Refs. 7, 8.
It was also pointed out by Ginzburg' that the total
current in the bulk of a homogeneous isotropic su-
perconductor vanishes because the normal current
is offset by a supercurrent, and that this makes
impossible the direct observation of the thermo-
electric effect in a simple connected isotropic
homogeneous superconductor. He considered also
in his paper simple connected anisotropic or non-
homogeneous superconductors as systems where
it is possible to observe thermoelectric pheno-
mena by measuring the magnetic field produced
by a temperature gradient.

In our opinion, the best way to observe thermo-
electric phenomena in superconductors, in par-
ticular to measure the thermoelectric coefficient
g of an isotropic homogeneous superconductor, is
to make, it part of a bimetallic superconducting
loop that may also contain weak links. We shall
formulate the following quantitative results con-
cerning thermoelectric phenomena in isotropic su-
perconductors in terms of the phase difference
5X'~' across an isolated sample where a temper-
ature gradient is maintained. According to the
rule formulated above one can obtain the expres-
sion for the phase difference by replacing 0 by
BN, in Eqs. (3) and (4):
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this equation gives

5X,' '= fq(T)/8N, (T)]&T. (21)

We derived Eq. (21) in Ref. 1 whereas Eq. (20) was
obtained by the authors in Bef. 8. ID the same pa-
per. we have analyzed the general temperature de-
pendence of 5g'r' given by Eq. (20) in the immed-
iate vicinity of the critical temperature T,:

&X"'= T.i(T.)/2f)N, ln[(T. —T,)/(T, —T,')] (22)

In a thermopair made of tvjro different supercon-
ductors the thermoelectric effect is determined
by the difference

be masked by the thermoelectric one (such masking
was discussed above for normal conductors and by
Falco for superconductors). Possible compli-
cations of this simplest experimental situation will
be discussed below.

The authors have obtained the following expres-
sion for the acoustoelectric-current density in an
isotropic superconductor:

f& &= (~r,S/eN, ~)S (n/T), (24)

where 0 is the residual conductivity of the metal
in the normal sta'te, I', is the sound-absorption
coefficient of the superconductor calculated in Ref.
2, zo is the sound velocity, and

~X(r) &X(r) &X(vI XI

1 q, (T) 1 q„(T)
gi N q(T) gii N zz(T)

(23)
4 o ~ i (2++y) i cosh [-(++~)

(25)

which vanishes for identical conductors. This
phase difference can manifest itself in the same
various ways as the acoustoelectric phase differ-
ence discussed above [see Eqs. (1V)-(19)].

One should note that there is some essential dif-
ference between Eq. (5) for normal conductors and

Eq. (23) for superconductors. Roughiy speaking,
the numerators in aQ these formulas are propor-
tional to the normal electron mean free path l. The
denominators in Eq. (5) are also proportional to
l thus making the l deperidence of the whole expres-
sion (5) not too significant. At the same time, the
denominators in Eq. (23) are independent of E. : It
means that 5X' ' is proportional to L Thus one
may conclude that the phase difference 5X'~' can
be appreciable only for pure superconductors. If,
for instance, conductor I is pure while conductor
II contains many impurities, it is only the first
conductor that makes an essential contribution to
Eq. (23). This makes it possible to measure the
thermoelectric contribution of a single pure super-
conductor in spite of the fact that, in principle,
the thermoelectric effect in superconductors, as
well as in normal conductors, is a differential one.

Now we can formulate the principal difference
between acoustoelectric and thermoelectric pheno-
mena in superconductors as we see it: %hile it is
impossible to -create a. temperature difference in
one part. of a closed circuit and to maintain a con-
stant temperature in another which is in thermal
contact with the first one, it is defihitely possible
to excite an acoustical flux in one part of a, closed
circuit while the rest of it remains acoustically,
free. This is why one can observe the acousto-
electric effect in a closed circuit made of a super-
conducting material, and we think this experi-
mental arrangement is the best because in this
case the acoustoelectric effect cannot in principle

is the function introduced by the authors in Refs.
2, 3 and plotted by Falco in Ref. 4.

Falco in his paper4 analyzes in detail the con-
ditions necessary for the observation of the acous-
toelectric effect in a bimetallic superconducting
circuit and concludes that the observation is pos-
sible in a narrow temperature interval near T,.
According to our opinion, which we hope to have
substantiated in the present paper, all his estim-
ates remain valid for a monometallic superconduc-
ting loop where an acoustical Qux is distributed
asymmetrically (of course with the exception of his
stipulation concerning the thermoelectric contri-
bution to the phase difference).

Let us now turn to some other aspects of acous-
toelectric and thermoelectric phenomena in super-
conductors. The estimates of the acoustoelectric
effect by Paleo' are valid only for the simplest
case discussed above. One often meets with more
complicated cases where these estimates should
be modified. Now we are going to discuss some
aspects of this modification by means of a compar-
ison of therm@electric and acoustoelectric pheno-
mena in superconductors. An interesting pos-
sibility exists of enhancing thermoelectric and
acoustoelectric effects.

As was shown by Aronov, ' in the presence of a
persistent current j"' a temperature gradient gen-
erates, in addition to the usual thermoelectric
current j'~' discussed in detail above, an extra
current j'~'. This current is also proportional to
VT, its vectorial structure being determined by
the product p, (p, 'VT). The origin of such a cur-
rent is closely connected with the additional term
p, ' v in the expression for the excitation energy

e =e(p)+ pq' v
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in the presence of a supercurrent. Here, v is the
no~mal electron velocity while e(p) is the exci-
tation energy in the absence of a supercurrent.

Due to thi. s term, a nonequilibrium part of the
quasiparticle distribution function appears which
is of first order in V'T and at the same time a
function of the total energy s(p). Therefore it re-
laxes owing only to inelastic scattering by phonons.
It is this part of the nonequilibrium distribution
function that is responsible for the current j' '

~

This is why the current j'"' is proportional to the
relaxation time v, „while the current j'~' is pro-
portional to 7'„v, being the impurity scattering
rate. Since experiments are usually performed
at sufficiently low temperatures where 7,„»v',. the
current j' ' may be larger than j ' provided P, is
large enough (although still much smaller than its
critical value). Thus, this effect of combined nat-
ure may enhance the total thermoelectric phase
difference in superconductors.

Aronov in Ref. 9 has considered the case of a
sample that has the form of a cylinder with ex-
tremely thin walls (their thickness being much
less than the penetration depth A). An effect of the
same nature in a more realistic situation where
the loop is made of a thick superconductor (as com-
pared to the penetration depth) has been consid-
ered in detail by one of the authors" (V.I.K). He
has come to the conclusion that in this case an ad-
ditional current density of the same physical nature
and of practically the same order of magnitude as
the Aronov current density j{~' calculated in Ref.
9 is localized near the surface of the sample. In
spite of this, one can obtain the correct order of
magnitude of the contribution to the magnetic flux
in the cavity of the loop assuming a homogeneous
current-density distribution in the sample with the
current density equal to the surface current den-
sity and applying the standard procedure described
above for the current j' '.

On the other hand, the current density j ' can
sometimes be much larger than j '. Detailed an-
alysis" gives the following order-of-magnitude es-
timate for the additional magnetic flux p(~) gen-
erated by the current j("':

Cn {A) g(S) ~/2
I Po + 0 s y3/2~1/2

O+T POC ~n TPF N

(26)

Here, &T is the temperature difference which,
for simplicity, we consider to be much smaller
than T, —T, g is the coherence length, I "' is the
surface current density (equal to the current den-
sity j," integrated along the normal to the surface
of the sample); j,"' is the supercurrent density in
the absence of temperature gradient (it is deter-

mined by the shape of the sample and the distri-
bution of the magnetic field near its surface).
This estimate is valid in the case where the semi-
classical approach to the description of quasipar-
ticles localized near the surface is valid. This ap-
proach hoMs for type-II superconductors provided
v, is large enough (see Ref. 11).

One may also expect a similar contribution to
the acoustoelectric phase difference in the pres-
ence of a supercurrent. " The vectorial structure
of such an additional acoustoelectric current 3

"'
is determined by the factor p, (p, ' 5); in a thick
superconductor it is also localized near the sur-
face. The estimate of its order of magnitude can
be obtained in the same manner as for the thermo-
electric current j "'. One can give the estimate
for the ratio of this current density to the usual
acoustoelectric one,

j&(P) p (p v ) 3/2 ( Z 1/2
911 +F s

~. &r j kr (27)

which is valid with the same assumptions as in Eq.
(26) provided the sound wavelength is larger than
the penetration depth and the excitation mean free
path.

Inasmuch as r,„»r, the ratio (27) may exceed
unity even if v, is much smaller than its critical
value. As in the case of the thermoelectric effect,
it can be shown that the order of magnitude of the
magnetic flux in the cavity created by the currentj'"' in addition to the usual one, y"'[Eqs. (12) and
(17)], is described by Eq. (27) in spite of the sur-
face nature of the current j'").

Now we wish to point. out that for the thermoelec-
tric phenomena discussed above there is some
masking effect that may prevent their observation,
whereas for the acoustoelectric phenomena one
can, at least in principle, exclude a masking effect
of this sort. In thermoelectric experiments in the
presence of a persistent current thermoelectric
effects are masked by the simple redistribution of
the magnetic flux between the surface layer and
the cavity of the sample due to the dependence of
the penetration length on T This effect w. as under-
stood and experimentally observed by Pegrum and
Guenault in Ref. 13. It should be emphasized that
this effect should be taken into account in all the
thermoelectric experiments (not only concerning
the effect suggested by Aronov) provided in such
experiments there is a trapped magnetic flux.
Therefore the problem arises of extracting the
real thermoelectric effects from the experimental
data which contain a large contribution from the
redistribution effect. One of the authors (V.I.K.),
who studied this problem in detail, "has shown
that the fast effect can be diminished in a thermo-
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electric loop with a large value of the ratio of the
circuit characteristic dimension (D) to the wire
diameter (d). If supercurrents induced near the
external and internal surfaces of such a circuit
have opposite direction, the total supercurrent
being small, this masking effect can decrease by
a factor of d/D. It is this situation that occurs
when supercurrents are induced by an external
field which does not change after cooling the cir-
cuit below T,.

Thus, our estimate of the possibility of observ-
ing unmasked thermoelectric effects is somewhat
more optimistic than that of Pegrum and Gue-
nault. ' Therefore, we believe that Zavaritsky in
Ref. 15 observed the real thermoelectric flux [Eqs.
(1V) and (23)]." We think this because of the re-
versibility of the effect with VT (which he checked)
and the linear dependence of the effect on the mean
free path of electrons (purity of samples), which
coincides with our formulas (21) and (22). The
masking effect discussed above cannot give such
a dependence on l.

In acoustoelectric experiments there is at least
in principle the possibility of keeping the temper-
ature constant. Therefore, there is the possibility
of eliminating not only the thermoelectric effect,
mentioned by Falco, ' but more important, the re-
distribution effect. We believe this fact to be of
special importance in the case of the supercurrent-
induced acoustoelectric effect discussed above.

From this point of view we believe that it is in-
teresting to study acoustoelectric effects due to

surface waves. Indeed, one can obtain an intense
surface wave without considerable heating of the
sample, so there is no masking effect even in the
presence of a trapped magnetic flux. The acousto-
electric current, produced by the surface wave
(and the superconducting counterflow as well), has

. an eddy component. Therefore, a magnetic flux
is produced in the surface layer. Let us consider
a closed loop made of bulk superconductors and
enclosing the region of location of the surface
wave. The total magnetic flux through the circuit
(the flux through the contour in the bulk of the su-
perconductors) is fixed. So a nonguantized ad-
ditional magnetic Qux is produced in the cavity of
the loop which compensates the surface-layer flux
due to the surface acoustoelectric current. It can
be shown that the estimate of this flux is given by
Egs. (12}and (1V) where j"is the value of the
acoustoelectric normal current density at the sur-
face. This estimate is valid if the sound wave-
length is larger than (or of the order of) the pene-
tration depth of the magnetic field. We want to
emphasize that this picture is in fact similar to
the one of super-current-induced acoustoelectric
and thermoelectric phenomena in bulk samples dis-
cussed above. Indeed, the corresponding current
densities j'"' and j'~" have eddy components which
produce the surface magnetic flux.

A detailed analysis of acoustoelectric phenomena
concerning surface waves (both in the presence
and in the absence of a supercurrent} will be pub-
lished elsewhere.
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