Thermoelectric effect in anisotropic superconductors
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We discuss the thermoelectric effect that is produced in a homogeneous anisotropic superconductor in

the presence of a temperature gradient.

The thermoelectric effect produced in an isotropic
but inhomogeneous superconductor has been considered
in'>? and in the other references cited therein. The
thermoelectric effect (a circulating current and a
corresponding magnetic field) should appear also in a
homogeneous but anisotropic superconductor. *! In con-
nection with a recently undertaken attempt to observe
this effect, ™! we have deemed it appropriate to turn to
this case here, all the more since it is concluded in'4!
that the theory of'*! does not agree with experiment.

Since the effect is maximal near the critical tempera-
ture T, there is every reason for confining oneself to
the local approximation, in which the density of the
superconducting current is given by!® ¢!
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where we use the system k=1, 2, 3=x', y’, 2z’ of the
principal axes of the crystal, and there is of course no
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summation over k; we use below the notation y
=VN,/Ze'®, e*x=2¢, and m}=2ma, (¢ and m are the
charge and mass of the free electron, N,/2 is the con~
centration of the superconducting pairs).

The density of the normal current is j\"' =b,,3T/9x,,
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FIG. 1, FIG, 2.
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(see'®’), and consequently the density of the total cur-
rent § =1’ +§" is determined by the expression

A | % A
Al=‘7A+§;V¢'*FVT- (1)

In the general case A, is here a vector with components
A e Npp=Aay,, A=m/e*N,=416%/c%, a,=m,/m
(@;,=0a,0, in the case of the principal axes), and T',,
=A im bmk‘

We consider now a sample in the form of a plate,
under conditions that are clear from Fig. 1 (x” and z’
are the symmetry axes of the crystal, and the z axis is
directed along VT). We are interested in the tempera-
ture region near T, where the effect is maximal. Then
N,xT,-T and 8*=0%1 -~ T/T.)"'. We neglect the weak
dependence of a,, and b,, on the temperature. In addi-
tion, we assume that VT is constant.!’ From (1) and
from the equations curlA =H and curlH=47]/c we
obtain

~
H-HT-crotRj. Hp = crotl"yT, (2)
A \ o A
rot rot Aj + 4we ~%j = F, F = rot rot TyT. (3)

When the foregoing is taken into account, H, varies
slowly with z, owing to the dependence of T on z. We
assume that H, is constant and F=0. It is then easy to
verify that the solution of the system (2), (3) takes the
form H=H, +H' and § ~j,¢*/®, where H' and | decrease
exponentially in the interior of the sample (cf. '), On
the boundary with the vacuum we have H=0 and the cur-
rent is j=j, ~(c®/4nd)dT,,/dz)(dT/dz).

Let now the term F in (3) differ from zero. The asso-
ciated increment of the current is j ~(c®/4n){(d’T,,/
dz*)(dT/dz). Therefore the role of the term F in (3)
turns out to be small under the condition 6,7 (1 ~ 7/
T,)3/%dT/dz<« 1, which is satisfied even if d7/dz ~0.1
and 1 -T/T,~10" (§,~2.5x%10° cm for tin). Conse-
quently, under more realistic conditions, for example
at 1 - T/T,~10"%, it can be readily assumed that } =0
in the interior of the superconductor (at a depth Ax>>5).
The field in the superconductor, according to (2), is
then given by

4 a b +a b dT \2
B Pt R <__> (4)
T.QA-T/T,)% \d:

At 6,=2.5%x10"° ¢cm, T,=3.72°K (tin), a,,b,, +a,b,,
=(b, a,, -b.a,)sinfcosd <b ~10'" cgs, we obtain H
<107 (1 - 7/T,)%(dT /dz)? so that H< 10"® Qe even at

1-T/T/~10"% and dT/dz ~0.1.

Formula (4) agrees, apart from the notation, with
formula (19) of’®!, but was derived more simply and
under more general assumptions. The estimate given
in'*! also points to small values of H. According to'"!,
however, the estimate given in'*! for the field H is in

error, since the coefficient b,, in'"! was overestimated
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by several orders of magnitude (see'®'), It is obvious in
general that Eq. (4) contains independently observable
quantities and that the most reliable method of estimat-~
ing H should be based on the use of the measured values
of 6, T, b,, and a,, and not on calculations.

Consequently it is clear that the measurements of'*!

do not contradict the theory, since the observed field is
much stronger than the field (4) and is apparently due

to other factors. In addition to the possible field sources
discussed in'?!, we call attention to the role of the in-
homogeneity of the crystal (for example as a result of
deformations). As is already clear from (2), in an in-
homogeneous sample, when I',, depend on the coordi-
nates, a field proportional to VT is produced,? as was
indeed observed in'?',

Since the field H, is quite weak, its direct measure-
ment is difficult. The total current flowing through the
sample is, however, I=j,0Y=(c/4nH,Y (X, Y, Z are
the corresponding dimensions of the crystal, and it is
assumed that Y is large enough), and the current /in a
sufficiently large sample can be large. In this connec-
tion it is convenient to measure not the field H,, but the
current /, using a doubly-connected crystal for this pur-
pose (Fig. 2). The, integrating (1) over the contour with
j =0 (dashed), we obtain (cf.''!).

o-8§Ads =0 40, o -H X2,

(5)

nke

®lo) =

n, a=0,12..
e

At 2 =0 the result (5) coincides with (4). By cutting the
crystal and passing a current / through an auxiliary
superconducting coil L (Fig. 2), we can observe directly
the field of the current /. This method is convenient
also because the field in the coil L can be made much
stronger than the field H, by simply increasing the
number of its turns.® Additional enhancement of the
effect can be obtained by inserting a superconducting
core into an opening in the crystal (see Fig. 2). Finally,
the total flux ¢ can in principle turn out to be sufficient
for the measurement of the emf when the circuit is
opened. The discussed thermoelectric effect due to the
anisotropy can be separated from the effect due to the
inhomogeneities and to a number of other factors, by
recognizing that the flux & is proportional to XZ(dT/
dz)?, whereas the other effects are proportional to d7/
dz and generally speaking should not increase with in-
creasing X. It is easily seen that the flux (5) can be of
the same order of or even larger than the flux produced
in an inhomogeneous superconducting circuit. '8!, The
latter flux was already observed in experiment, !®!

Since we have discussed in'!'?! also the thermomech-
anical circulation effect in a super fluid liquid, we note
that in superfluid He® (and in a neutron liquid in the case
of production of pairs with nonzero angular momentum)
it is necessary to take the anisotropy of the liquid into
account (in the presence of boundaries or of a magnetic
field). This can lead to the appearance of new circula~
tion effects, due to the inhomogeneity of the tempera-
ture. Analogous circulation effects, but having no
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quantum teatures, can probably appear also in ordinary
liquid crystals.

Din the absence of heat sources in the sample itself we have
divkVT=0. Since the thermal-conductivity coefficients ki T)
remain finite as T—T,, it is probably possible in a number
of cases to neglect, with good approximation, the tempera-
ture dependence and the anisotropy of the thermal
conductivity.

DBy separating the temperature factor f(z)=(1—T/T,)™! and
writing down ¢I’'VT =af(2), we have Hp=curl af=f curl a
+Vfxa. In the case of a homogeneous anisotropic supercon-
ductor, the vector a is constant and Hy = Vfxa. In the inhomo-
geneous but isotropic case we have all Vf and Hp=f curl a. In
the general case both these terms differ from zero, The first
gives the contribution ~(VT)? and the second a contribution
~VT.

3This remark is valid also for an experiment with an inhomo-
geneous sample, [*! The flux &, in the coil and the flux ~ &,

inside the superconducting circuit can differ in magnitude and
in direction.
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