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The thermoelectric effects in a circuit consisting of bulk superconductors are considered in the case when 
an undamped current flows in the circuit. It is shown that there arises, along with a volume 
thermoelectric current of normal excitations, a unique supertluid-velocity-dependent thermoelectric current 
in the surface region of thickness of the order of the penetration depth h. The nature of this current 
corresponds to the effect predicted and considered by Aronov for the case of a thin superconducting 
cylinder. It turns out that, despite the surface nature of the indicated current, its contribution to the 
thermoelectric correction to the magnetic flux linked with the circuit is of the same order of magnitude as 
in the case when the thermoelectric-current is uniformly distributed over the sample cross section with a 
density equal to the indicated surface value. Also investigated in detail in connection with the temperature 
dependence of h is the contribution to the measurable temperature-dependent magnetic flux due to the 
redistribution of the total flux trapped between the circuit aperture and the surface layer of the 
superconductor. It is shown that in some fairly typical experimental situations the contribution of the 
redistribution effect can be appreciably reduced, which facilitates the observation of the thermoelectric 
effects in its background. 

PACS numbers: 74.30.Ci 

Noticeable interest  i s  being shown a t  present  in the In this case  the distribution of the '%are1' normal- 
investigation of thermoelectric effects in superconduc- excitation current  was a s s ~ m e d ~ ~ - ' ~ ~  to be  homogeneous 
tors ,  the possibility of which was f i r s t  pointed out by over the sample c ros s  section. Such an  assumption 
~ i n z b u r g . ' ~ '  To this question has, in particular, been corresponds in a grea t  measure to the r ea l  picture of 
devoted in recent years a number of theoretical pa- the thermoelectric effect, while for  the acoustoelectric 
 per^.^^-^] The phenomena considered in these papers effect i t  corresponds to a sound flux uniformly distrib- 
a r e  due to the fact that, a s  was suggested by Ginzburg, uted over the sample c r o s s  section. 
there a r i s e s  in superconductors in the presence of a 
temperature gradient a normal current  that in a bulk 
sample i s  compensated by the superconducting-conden- 
sa te  current  on account of the Meissner effect. In this 
case, a s  has been s h o ~ n , ' ~ * ~ ~  since the condensate cur-  
rent  i s  proportional to the order-parameter  phase gra-  
dient, there a r i s e s  an order-parameter  phase differ- 
ence a t  the boundaries of a homogeneous, isotropic 
sample to which a temperature difference has been ap- 
plied; this phase difference can be  measured with, for  
example, a superconducting interferometer. In i t s  turn, 
there a r i s e s  in the normal thermoelectric circuit con- 
sisting of two superconductors an  unquantized tempera- 
ture-dependent correction to the magnetic flux linked 
with the circuit." C3.41 

The thermoelectric phenomena consisting in the ap- 
pearance of a temperature-dependent correction to the 
magnetic flux in a superconducting thermoelectric c i r -  
cuit have been repeatedly investigated experimental- 
ly.t13-171 At the same time, whereas in the work pub- 
lished in Ref. 15 a fairly good agreement with theoryc3*41 
was obtained, in the investigation published in Ref. 17 
(in which the experiment was performed on relatively 
"dirtyJ' Nb and Ta  samples) the observed temperature- 
dependent correction to the flux exceeded the theoretical 
estimatesc3] by several  o rde r s  of magnitude. Tempera- 
ture-dependent magnetic fields significantly exceeding 
the theoretical values were also observed in the work 
published in Ref. 18, which was devoted to the experi- 
mental investigation of the thermoelectric effects in 

Similar-in their manifestations-acoustoelectric ef- anisotropic superconductors.t'' 
fects in superconductors (in which the "bare" normal- 

Phenomena of a somewhat different nature have been 
excitation current  is due to the dragging of the electrons considered by A r o n o ~ . ~ l ~ l  He theoretically investigated 
by acoustic waves propagating in the sample) were pre-  the influence on the thermoelectric effects in supercon- 
dicted and investigated in Refs. 2, 10, and 11. The ductors of the condensate motion due to the presence of 
photoelectric effect in superconductors has  also been 

an undamped current. As is well known, in the pres-  
in~est igated."~] 

ence of a condensate current  the quasiparticle energy 
Let us  note a number of papersc'2~'41 in which the ap- 

pearance of the above-mentioned effects in sample r e -  
gions corresponding to the inhomogeneity of the "bare" 
normal-excitation current  in the longitudinal direction 
(in particular, in the vicinities of contacts and bound- 

- a r i e s  with dielectrics) has been theoretically studied. 
It has been shown that in typical experimental situations 
these contact phenomena cannot significantly change the 
unquantized correction to t he  magnetic flux in a closed 
thermoelectric circuit. 

acquires a correction, p.  v,: Z,=c,+p .v, (v, is the 
superfluid velocity). It was shown that, owing to th is  
circumstance, there a r i s e s  in the situation under con- 
sideration in the f irst-order approximation in  V T  a 
nonequilibrium correction to the quasiparticle distribu- 
tion function, a correction which depends on the total 
energy ?, (and, on account of this, which relaxes only 
on the phonons). On the other hand, this correction 
leads to the appearance of a specific thermoelectric 
current  j , .  The lat ter  depends on the quantity v,, and 
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does not have a pronounced normal o r  superconducting 
character. Since, as a rule, the phonon-induced relax- 
ation time, rph, significantly exceeds the impurity-in- 
duced relaxation time, T,,  the current  j, can, even a t  
not too large values of v,, exceed the "ordinary" nor- 
mal-excitation thermoelectric current. 

However, in this paper the case  of the homogeneous 
distribution of the currents  over the c ros s  section (the 
superconducting samples being assumed to be thin, i.e., 
to be  of thickness much smal ler  than the penetration 
depth A) was also considered. The realization of such a 
situation in an  experiment is a matter  of some difficulty. 
And in the case of thick samples the corresponding 
"bare" thermoelectric current ,  j,=f(v,), turns out to be  
localized in the surface region. 

In view of this, it is, in our opinion, of interest  to 
consider the thermoelectric effects in the current  state 
in bulk superconductors, when the corresponding ther-  
moelectric currents  a r e  localized near the surface." 

In the situation under discussion, v, and, consequent- 
ly, the corresponding source responsible for  the state 
of nonequilibrium a r e  localized in a surface layer of 
thickness of the order  of the penetration depth. There- 
fore, it is necessary to take into account the diffusion 
of the nonequilibrium quasiparticles from this  region.3' 
We shall see  that for  the main group of part icles this 
leads to a substantial decrease in the contribution to the 
effect in comparison with the homogeneous situation.c1g1 
In the surface region, however, there exists, a s  a r e -  
sul t  of the presence of the correction p .  v, in the total 
quasiparticle energy, a group of particles whose total 
energy is l e s s  than the gap A (which determines the 
minimum energy of the quasiparticles in the interior of 
the sample). Therefore, such part icles cannot leave the 
surface region through motion along their trajectories- 
they a r e  "trapped": it is precisely these trapped part i-  
cles that make the dominant contribution to j,. In this 
case i t  turns out that, because of the presence of a sin- 
gularity in the density of s tates,  such a separation of 
the group of quasiparticles with energies ii < A (which 
correspond to only one hemisphere of the Fe rmi  sur -  
face) can (for a sufficiently la rge  value of v,) lead to a 
nonanalytic dependence of j, on v, ( j , ( ~ , ) " v ~ ' ~ )  and, in 
the final analysis, even to some increase in j, a s  com- 
pared to the est imates given in Ref. 19. 

Let u s  now turn to electrodynamics. In a bulk sam-  
ple, the current  j, is nonzero on the surface and de- 
c reases  with distance from it, and, thus, curl  jaZO; the 
screening condensate currents  due to the presence of 
the j, current  behaves in much the s ame  way, so  that 
the distribution of the surface currents  of thermoelec- 
t r ic  nature has a rotational character. Because of this, 
there a r i s e s  a magnetic flux linked with the surface 
layer of the sample and depends on the temperature 
gradient.4' 

However, if we consider a closed thermoelectric c i r -  
cuit, then, since v,=O in the interior of the samples, 
the total trapped flux (i.e., the flux linked with a con- 
tour going through the interior  of the samples) does not 
change, Consequently, in such a situation there should 

a r i s e  an  experimentally-measurable unquantized kor- 
rection to the flux in the aperture. We shall show that, 
in spi te  of the surface nature of the thermoelectric cur- 
ren t  j,, the magnitude of the effect can be of the same 
order  a s  in the case  when the "bare" thermoelectric 
current  is uniformly distributed over the sample c ros s  
section with a density equal to the surface value of j,. 
It  s eems  that this conclusion is a lso  valid for  surface 
effects of a different nature, that correspond to differ- 
ent mechanisms of generation of the nonequilibrium 
surface currents ,  in particular, for  the acoustoelectric 
effect, which occurs  during the propagation of surface 
acoustic waves (which generate a surface current  of 
dragged normal excitations). 

We shall  also consider in detail another effect that 
appears in the presence of undamped condensate cur-  
rents  in a thermoelectric circuit. This effect was f i r s t  
discussed and experimentally observed by Pegrum and 
~ u e n a u l t . ~ ~ ~ ~  I t  consists in the following. The indicated 
undamped currents  give r i s e  to some magnetic flux that 
threads the sample's surface layer of thickness "X. On 
account of the dependence of A, a s  well a s  of the "num- 
be r  of superconducting electrons," N,, on temperature, 
this flux is temperature dependent. However, the total 
flux trapped by the superconducting circuit remains un- 
changed; therefore, a change in the surface flux should 
lead to a change in the flux in the circuit  aperture. In 
other words, a change in the temperature of one of the 
junctions leads to a redistribution of the total flux be- 
tween the surface layer of the sample and the aper-  
t ~ r e . ~ '  This redistribution leads to the appearance of a 
temperature-dependent, experimentally-measurable 
correction to the flux in the aperture. Let us  note that, 
compared to the "thermoelectric" flux, the indicated 
correction can be  quite substantial even for  low intensi- 
t ies  of the undamped currents  (due, for  example, to the 
remanent "background" magnetic fields in the system). 

We shall investigate the ca se  of two different geo- 
metric configurations of the thermoelectric circuit, 
that correspond to a long cylinder and a thin ring. It 
will be  shown that, whereas the thermoelectric effects 
weakly depend on the geometry of the experiment, the 
effect of the redistribution can significantly depend on 
the geometry factors. In particular, in the case  of a 
thin r ing (of dimensions much greater  than the thickness 
of the conductors), if the trapped flux is due to an  ex- 
ternal  magnetic field that does not change after  the 
superconducting transition, the influence of the effect 
of the redistribution turns out to be  substantially r e -  
duced. On the other hand, this significantly reduces the 
limitations, which follow from est imates made in Ref. 
20, on the background magnetic fields onthe investiga- 
tion of the normal volume thermoelectric effects in 
superconductors.'1~91 On the other hand, a s  we shall 
see ,  with allowance for  the indicated factor even for  the 
surface thermoelectric effects, which a r e  fundamental- 
ly connected with the presence of a trapped flux, the 
thermoelectric correction to the flux can be comparable 
in magnitude to the contribution of the redistribution ef- 
fect. It s eems  that the present  circumstances, a s  well 
a s  the differences in the pari t ies  of the thermoelectric 
effects and the effect of the redistribution with respect  
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to VT and v,, simplify the problem of the experimental 
separation of these effects. We shall also consider 
possible explanations of the experimental data on the 
investigation of the thermoelectric effects in supercon- 
d u c t o r ~ ~ ~ ~ - ' ~ ~  within the scope of the allowance for  the 
contribution of the redistribution effect (the necessity 
of which i s  pointed out in Ref. 20). 

1. To begin with, let  us  determine the magnitude of 
the specific thermoelectric current, j,, that a r i s e s  
near the surface of bulk superconductors in the pres-  
ence of undamped condensate currents, Here, since 
we assume characteristic sample dimensions much 
greater  than the penetration depth, in computing this 
current  we can res t r ic t  ourselves to the geometry of a 
superconducting half-space, assuming VT to be  directed 
along the surface. We shall a l so  assume that v, 11 VT, 
which i s  the most interesting situation for experiment 
(as is easy to see,  when v , lVT,  the effect can a r i s e  
only in higher orders  in v, o r  vT). In this  case, to 
simplify the analysis, let  us  require that 

pv,<min ( A ,  T). (1) 

We shall use the kinetic equation to compute j,.C10n31 
Therefore, let  us  assume that the appropriate condi- 
tions for  i t s  applicability a r e  fulfilledc101: 1 >> 5, A>> 5 
(5 = E V ~ / A  is the coherence length and 1 is the mean f ree  
path of the electrons). Notice that the second condition 
ensures the applicability of the London equation, which 
we shall use below. We have noted that the group of 
particles localized in the surface layer a s  a result  of 
the presence of the correction p .  v, in the total energy 
turns out to be  important in the computation of j,. As 
A ~ b e l ' [ ~ ~ ]  (who has investigated in detail the energy 
spectrum of the particles localized near the surface) 
has shown, the classical description for  such particles 
for  a rb i t ra ry  values of the momentum is applicable only 
for  the not too weak magnetic fields corresponding, in 
the case  of a type-I1 superconductor, to the inequality6' 

P V J A B  (E/j.)'. ( la)  

Because X/5  >> 1, this inequality i s  consistent with (1); 
we shall assume i t  to be fulfilled. 

The present conditions, which correspond to a pure 
type-I1 superconductor, a r e  fairly rigid. However, on 
the one hand, the approach based on the kinetic equation 
provides quite a graphic physical picture. On the other 
hand, let  us emphasize that the indicated limitations 
apply only to the computation of the magnitude of the 
current  density j,. At the s ame  time, the distinctive 
features of the electrodynamics of the effects under 
study a r e  connected only with the fact that this current  
is localized near the surface a t  depths "X; the specific 
decay law only determines a number of the order  of uni- 
ty. Therefore, the electrodynamic calculation (Secs. 
2 and 3) and i t s  results  a r e  valid irrespective of the nu- 
merical  j, values, which can correspond to a broader 
parameter  region than i s  considered here. In particu- 
la r ,  a s  has been demonstrated,c211 the quasiparticle 
states localized near the surface (states from which a 
substantial contribution to the thermoelectric effect can 

be  expected) exist also in the region of weaker magnetic 
fields, a s  well a s  in type-I superconductors (although 
the quantity j, itself may then differ from the quantity 
computed by us). 

With allowance for the foregoing, we have for  the 
quasiparticle distribution function n ,  the equation 

where 

T ~ = E ~ + ~ V ~ ,  .sp=(jpZ+ A')''', ~ p = p 2 / 2 m + p s Z / 2 m - ~  

(p  i s  the electrochemical potential; for  simplicity of 
computation, we shall everywhere below assume t!e 
electron spectrum to b e  isotropic and quadratic); I, and 
f,, a r e  the operators of collision respectively with im- 
purities and phonons. Separating the equilibrium part ,  
n,(Z,), and taking into consideration the fact that Vp = 0 
in a superconductor, we have in the linear approxima- 
tion in VT the equation 

as,  r an, ae an a$ anp' - - 
, V T - . ! - + ~ ~ - - ! - - =  ~ , n , ' + ~ , ~ n , '  
ap. T a ~ ,  ap, az  ap, 

(2b) 

( x  11 VT 11 v,; z is measured from the surface along the 
normal to it). Let us separate from the function n: the 
par t  that depends on the momentum only through the 
total energy F,: 

For  the purpose of obtaining the equation for  E ,  let  us 
average (2a) over the constant-energy surface for  Z (at 
fixed z) after  separating the symmetric and antisym- 
metric parts .  Since 

- 
we have 6 f = 0. With allowance for  this, and introducing 
the operator 

- a€ ,  a as, a 
B E - - - -  

ap, az az  a,, 

we obtain 

We have used the relations if (z,) = 0, fr f (Z,) = 0, and 
have neglected the te rm t h n 1  in (5b) (on the b-of the 
fac t  that T p h  >> T i  and 2 ) F ~ p h  >> X) and the t e rm iph{%}- in 
(5a). Let us  now turn to the quantity 
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Let us transform the sum over p: 

Here as the polar axis we have chosen the x axis, s o  
that cos8=p/pF. Notice that for the trapped particles 
(Z, - A< 0) only values of cosb< 0 a r e  possible, the 
limiting cos9 value for trapped particles with a given 
energy Z,=e being determined by the quantity 

Let us point out that we should, in integrating over S,, 
take into consideration the fact that p . v =  2(p + 5). Fi- 
nally, we obtain 

This differs somewhat from the value used in Ref. 19, 
since we have taken into account the fact that the result 
of the d3p integration of the functions that a r e  odd in 5 
a r e  nonzero in f i rs t  order in 5 / ~ .  

With the aid of simple transformations we can show 
that: 

Thus, the equation for E assumes the form 

where 

To begin with, k t  us consider the situation 1 <<X, 
which corresponds to the most graphic physical picture. 
From (5b) we then obtain 

The f i rs t  term on the right-hand side of (10) is respon- 
sible for the "normal" volume thermoelectric effect. 
As is easy to see, i t  does not makeaon t r ibu t ion  when 
substituted into the expression for a n ) -  because of the 
oddness of the operator 5 with respect to v,. (Notice 
that the oddness of the f i rs t  t e r u t h  respect to 5, al- 
lows us to neglect the quantity ffi{n}- in the equation for  
E, something which we did earlier.) Substituting the 
second term into (91, and taking (8) into account, we 
obtain the diffusion equation 

(11) 
where 

Then, using the explicit form of the operator f,, (41, we 
can easily show that ID,,@,, a)  " v ~ T , ]  5,l /c, for all  val- 
ues of the total energy Z,. 

Let us, to begin with, consider the region of un- 
trapped particles, whose characteristic energies cor- 
respond to P,- A>>p,v,. In such a case the dependence 
on v, in the expressions for pe,, z) and D@,,x) can be 
neglected: p = p(€.) and D = D(+ The diffusion equa- 
tion (11) then assumes the usual form, with F(c, z) 
=F,(c)~-~" when (7) is taken into consideration. We al- 
s o  assume (in a c c o r d a n c p i t h  the results of Ref. 19) 
the admissible estimate IPhE"E/rph, r p h -  E ) ~ / T ' .  Solving, 
with allowance for this, Eq. (11) by standard methods 
with the use of the boundary conditions S(w) = O,DVE~ ,-, 
= 0 (the second condition guarantees the vanishing of the 
current j ,  a t  the surface), we have 

We have used the fact that, in reality, Lo>> X (since the 
applicability of the kinetic equation requires, in any 
case, that I >> 5). Since X L ~ D  = T,~x/L,, the contribu- 
tion of these particles to the effect turns out to be con- 
siderably less  than in the homogeneous situation, which 
is connected with the removal of particles from the non- 
equilibrium region on account of diffusion. 

Let us therefore turn to the group of trapped parti- 
cles, which cannot leave the near-surface region. Let 
us, by integrating it, transform (11) into an integral 
equation: 

The boundary conditions correspond to the vanishing of 
the current j ,  on the surface a t  the point ao(Zd deter- 
mined by the condition 5 @,, 8,) = 0 (i.e., a t  the farthest 
attainable point for particles with a given energy, ZS:  

With allowance for this, we have 

Since for almost all (with the exception of a small 
neighborhood of a,), D >> X2/rPh, while with allowance 
for (13a) the integral over a t  converges as at-z,, we 
obtain from (13) the estimate 

fil;a-C(~p) =rpn<F>,, (14) 

where (. . . ), denotes averaging over z within the limits 
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( 0 , ~ ~ ) .  Thus, for the trapped particles, E is of the 
same order of magnitude a s  in the homogeneous situa- 
tion. So, in going from the trapped to the untrapped 
particles Ti decreases sharply on account of the "switch- 
ing on" of diffusion. Let us estimate the width of the 
energy region corresponding to the transition from one 
regime to the other. For this purpose, let us  take into 
consideration the fact that the diffusion coefficient, D, 
for the untrapped particles that a r e  close to the trapped 
ones turns out to be small outside the localization re- 
gion for v,. Indeed, for Z, - A << A and z 2 A, we have 
D - v;r,(cp - A)'I2/h; thus, the reciprocal of the effec- 
tive time of removal of such a particle from the surface 
layer is equal to 

- (el-" - 1% -. 
7.11 

(15) 

Comparing this time with T,,, we obtain the sought 
"transition" region width: Z p  - A - AX/L,. Notice that, 
with allowance for (la) in the case when the classical 
description is applicable, this width is, in the most 
realistic situation when X3/t2LO << 1, significantly less 
than the width of the trapped-particle region in energy 
terms, which is -pFvs, and this allows us to limit our- 
selves to the consideration of the trapped particles. (In 
the opposite case such an approach would require the 
following additional limitation imposing a lower bound 
on v,: p,vs >> AX/L,.) 

Let us now turn to the case of a purer sample, for 
which 1 >> A. We have seen that for 1 << X diffusion guar- 
antees the effective removal of the untrapped particles 
from the surface layer and the smallness of E in this 
energy region. It is clear that this result is also true 
in the 1 >> X case, since the efficiency of removal in- 
creases with increasing I right up to I - A and then, as 
is not difficult to understand, ceases to depend on 1. As 
to the trapped particles, for 1 <<A, the diffusion ensured 
the equalization of the concentration of such particles 
with a given energy, so  that the energy distribution Ti@,) 
did not depend on the coordinates. It is natural to ex- 
pect this result, (141, to remain valid in the 1 >> X case 
(in such a situation we can speak of a particle distribu- 
tion over quasiclassical surface levelsc2"). This can 
be shown more rigorously. In particular, using the sol- 
ution to Eq. (5b), expressed in terms of a path integral, 
we can obtain in}-- @ - (E),)/X. Accordingly, from (11) 
with allowance for the fact that &,1t, 1 /Z,),T~,,/A >> 1, we 
obtain the estimate (14). 

Now we can find the thermoelectric current j, due to 
the nonequilibrium correction, if, to the quasiparticle 
distribution function; in this case, in accordance with 
our estimates, we can neglect the contribution of the 
untrapped particles, restricting ourselves to the region 
of energies Z,< A. As AronovUQ1 has shown, the con- 
tribution of 5 to the current is due, generally speaking, 
to both the presence in 5 of a current part  and the re- 
normalization of N,. Let us f i rs t  estimate the direct 
contribution of ii to the current: 

or  with the use of the explicit form of E (determinable 
on the basis of (14), (gal, and (7)), a s  well a s  with al- 
lowance for the relation 

an, 1 
(N. -N) ,  

we obtain the estimate 

Here 

f ( z )  4 C  exp (-azlli), a-1, C-I;  v,O=u,(z=O). 

It is not difficult to see  that the obtained estimate ex- 
ceeds the estimate given in Ref. 19 by the parameter 
(pFvS/~)"l2>> 1. The nonanalyticity in (17) i s  con- 
nected, on the one hand, with the presence of a singu- 
larity in the density of states and, on the other, with 
E(Z,)'s behavior in the low-energy region, which corre- 
sponds to the separation of the contribution of the 
trapped particles (for which p,< 0, and, thus, the cur- 
rent part  of ii does not possess an additional small- 
ness).') 

As to the renormalization of N,, i t  can be shown (on 
the basis of estimates similar to those given in Ref. 19) 
that, on account of the smallness-in terms of phase 
volume-of the group of trapped particles, this renor- 
malization and the contribution to j ,  connected with i t  
a r e  smaller by a factor equal to the parameter 
(ppv ,~)1 '2 /~  that the corresponding results for the ho- 
mogeneous situation.t1Q1 Thus, the contribution, com- 
puted by us, of the current part  of Z i s  the dominant 
one, and we set  j a w  j:. 

2. Let us now proceed to the electrodynamics of the 
surface thermoelectric effects. Let us, to begin with, 
consider the thermoelectric effects in the current state 
in a long thick cylinder (whose height, h, is much 
greater than the bore radius, R, and the wall thickness 
d >> X) composed of two superconductors (Fig. la).  In 
the present geometry the field in the cylinder bore is 
determined only by the magnitude of the total ring cur- 
rent flowing along the inner surface of the cylinder, and 
does not depend on the distribution of this current in the 
surface layer. (This important circumstance, which 
significantly simplifies the calculation, i s  due to the 
fact that, for h >>R, the field of the cylindrical current 
inside the corresponding cylindrical surface i s  uni- 
form.) 

Let an undamped current flow along the inner surface, 
and let the corresponding superfluid velocity be equal to 
us,. The condition R >> A allows us  to reduce the prob- 

182 Sov. Phys. JETP 47(1), Jan. 1978 

FIG. 1. 

V. I .  Kozub 182 



lem of the distribution of the current near the surface 
to a one-dimensional problem by introducing the vari- 
able a =r  -R and to describe the displacement along the 
surface by the variable s (so that T = T (s)). To find the 
corresponding "thermoelectric" correction to the mag- 
netic flux in the bore, we should use the equations of 
the electrodynamics of a superconductor with allowance 
for the "bare" thermoelectric current. Because of the 
presence of a temperature gradient in the circuit, there 
arise both a volume current of normal excitations, j, 
(determined by the f i rs t  term in the expression for the 
distribution function in}-, (lo)), and the specific cur- 
rent, j,, predicted by Aronov and estimated by (17). As 
has already been noted, in not too pure superconductors 
the current density, j,, near the surface can signifi- 
cantly exceed the quantity j,; with allowance for (10) 
and (17) the ratio of these quantities is equal to 

For simplicity, we shall consider just this situation. 
(In the opposite case the major role will be played by 
the "volume" thermoelectric e f fe~ t s . [~ '~ l )  

The presence of the current j, gives r ise  to screening 
condensate currents, so  that the total density of the 
surface currents has the form 

where v,, is the corresponding correction to the super- 
fluid velocity. Since, in reality, a s  we shall see, v,, 
<<us,, the problem is linear in VT, so that in computing 
the required "thermoelectric" correction to the vector 
potential A, we can regard j, a s  given. With allowance 
for the expression for the superfluid velocity, 

( X  is the phase of the order parameter), we obtain an 
equation for A,: 

4x 
curl curl .L = - - i.+-j., 

A' c 

with curl curl - -82/8z2 owing to the condition R >> A. 

In studying the electrodynamics we shall, for simpli- 
city, operate within the framework of a model calcula- 
tion, replacing in (17) f b) by the exponential lawa' 
j, = j:e-" La, where 

Such an approach is admissible, since, on the one hand, 
all our calculations a r e  order-of-magnitude estimates 
(for which only the characteristic penetration depth of 
the current distribution is important, whereas the sped 
cific distribution law determines a number of the order 
of unity). On the other hand, the generalization of the 
results obtained in the computation of the e l e c t r o d y ~ m -  
ics of the effect to the case of surface effects of a dif- 

ferent nature (e.g., the acoustoelectric effect, arising 
during the propagation of a surface acoustic wave) 
seems possible. 

One of the constants determining th_e solution to (19) 
corresponds to the obvious condition A - 0 as a - 0. 

Another constant i s  specified by the magnitude of the 
corresponding total current of thermoelectric nature: 

Strictly speaking, 

is the current per unit length of the cylinder, i.e., the 
surface density of the current. However, in the case 
of cylindrical symmetry we shall, for simplicity, call 
this quantity the total current. 

For convenience of the subsequent analysis, let us 
separate from A, the part  

which satisfies the homogeneous equation, and which 
corresponds to the condition 

The quantity A, -A,=A,, then satisfied (19) and corre- 
sponds to zero total current (as in the case of an open 
sample): 

We shall call the current density, j,,, which does not 
contribute to the total current, the eddy compcnent. 
Taking (21) into consideration, we obtain for A,, the ex- 
pression 

The quantity I, is determined from the following argu- 
ments. Let us find the thermoelectric correction, +,, 
to the flux linked with the circuit: 

9. = $3.1 ,-, ds. 

On the other hand, in the case of a long superconducting 
cylinder this correction to the flux is due only to the 
magnitude of the total current I,: 

Thus, we obtain the equation 
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Since 

the right-hand side of (23) can be interpreted a s  a flux 
linked with the near-surface region of the superconduct- 
or, and Eq. (23) can be interpreted a s  the invariance 
condition for the total flux trapped by the cylinder. As 
is not difficult to see  from (231, the mean current den- 
sity in the surface layer, which is -I,/x, turns out to be 
smaller by a factor -A/R than the characteristic value 
of the eddy component j,,; in this case we can neglect 
on the right-hand side of (23) the term -I,. Thus, we 
can assume that, in the first  approximation, the distri- 
bution of the surface currents of thermoelectric nature 
has a purely eddy character, while the correction to the 
total current I, is determined in the next order in X/R 
from the requirement of invariance of the total flux. 
Taking account of the foregoing, we have 

Or in our case, in which La - k, 

Notice that i t  is precisely the correction to the flux in 
the cylinder bore that will be recorded in an experiment 
with the aid of a magnetometer coupling coil located in 
the bore. 

By comparing (25) with the results obtained in Ref. 3, 
we can easily convince ourselves that in the case under 
consideration the correction, a,, to the magnetic flux 
is of the same order of magnitude a s  in the case when 
the "bare" thermoelectric current is uniformly distrib- 
uted over the sample thickness with a density equal to 
the surface-current value j,. 

Since (N-N,) decreases exponentially a s  T/T,- 0, we 
shall, for simplicity, assume that for one of the con- 
ductors (11) T <<T,,, while for the conductor I the quan- 
tity (T,, - T,) - TI. Therefore, only the conductor I 
makes a substantial contribution to the effect, and we 
shall drop the index I from the material constants. In 
that case, on the basis of (24) and with allowance for 
(20), we obtain after simple transformations the esti- 
mates: 

Let us now find the temperature-dependent correction 
to the flux in the bore, due to the redistribution effect. 
The latter, a s  has been noted eariler, is caused by the 
temperature dependence of the flux produced in the sur- 
face layer of the superconductor by an undamped cur- 
rent of density j,= (IdX)e-"'. Let us express the _mag- 
nitude of the gradient-invariant vector potential, A, 
= -41rc-~X~j,, corresponding to this current in terms of 
the total superfluid current I,, which, in the zeroth ap- 
proximation in X/R, we can assume to be  temperature 
independent: 

Since A - 0 as a - 00, the circulation (3,) along the in- 
ner surface of the cylinder yields the required temper- 
ature-dependent near-surface flux, which, added to the 
flux in the bore, constitutes the total trapped flux 

Thus, the temperature-dependent correction to the flux 
in the bore is equal to 

Since, a s  a rule, in experiments we investigate the de- 
pendence on the temperature of the "hot" junction, let 
us separate out the corresponding contribution, sub- 
tracting from the integrand in (28) the quantity 
[x,(T,) +x,,(T,)]; for 6T <<T, - T, we have 

If the temperature TI is close to T,,, (T - T,,)/T,, << 1, 
then the f i rs t  conductor makes the dominant contribu- 
tion: 

(the plot of F ,  is shown in Fig. 2). 

Let us point out that, separating from the original 
superfluid current density the part  that does not depend 
on temperature, we can ascribe the temperature-depen- 
dent part  of the near-surface flux (with which the effect 
under consideration is connected) to the purely eddy 
component: 

Or, taking into account the fact that cp =c"&I,, we ob- 
tain 

Here 6T =T, - TI, is the total flux trapped by the con- 
tour, iP, is the flux quantum, and A,, [,, k,= A, [, k a t  
T=O. 

FIG. 2. 
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The first  term (which describes the current distribution 
a t  T = 0) is not temperature dependent, and does not 
make a contribution to the effect of interest to us. The 
second term, on the other hand, makes no contribution 
to the total current and, thus, has a "purely eddy" 
character. In i ts  turn, the condition of invariability of 
the total flux (28) i s  guaranteed by the appearance in the 
next order in A/R of a correction to the total current 
that gives r ise  to a change in the flux in the cylinder 
bore: 

In thermoelectric experiments, however, a more 
realistic situation is the one in which the circuit dimen- 
sions (-R) exceed the cross section (-d) of the conduc- 
tors (R,d >> A). The simplest model for this case is the 
thermoelectric ring (Fig. lb). In this case the field in 
the hole i s  not uniform; on the other hand, it, generally 
speaking, depends on the current distribution in the 
surface layer (contributions being made by both the in- 
ner-with respect to the circuit hole-and the outer sur-  
faces of the conductors). In i t s  turn, although the law 
~ , , = v ~ & - ~ ' "  is the distance from the surface) and our 
estimates for j, a r e  valid also in the present situation 
(on account of the fact that A <<dl, the quantity v:, and, 
consequently, the quantityg' 

and j,(v,) are,  generally speaking, different for differ- 
ent parts of the conductor surface (i.e., for different 9 
in Fig. lb). (In particular, they can be different for the 
inner (9- 0) and outer (9-n) surfaces.) The electrody- 
namic calculation in such a situation can be carried out 
by standard methods, but because of the tediousness of 
such a calculation, i t  i s  reasonable to limit ourselves 
to order-of-magnitude estimates, after analyzing the 
difference between the present situation and the electro- 
dynamics of a long cylinder, a s  described by (21)-(31). 
In this case, using (30) and (31), we can perform the 
analysis for the thermoelectric and redistribution ef- 
fects in a unified scheme. 

First  of all, because X <<d, the formulas (IS), (221, 
and (30) remain valid (the quantities I ,  and J: depending 
in this case on 9 a s  on a parameter), so  that for the 
eddy current component, which satisfies the condition 

we can use the obtained expressions. However, in com- 
puting (in the next order in A/R) the total ring current 

did not produce a field in the bore). 

In accordance with the Biot-Savart law, the field pro- 
duced by an element, ds ,  of the ring a t  some point of 
the hole 

P r 
[asrl 

w - J d € t f  d z j ( z , b ) -  T' , r=t(z, b ) .  
0 0 

Since the eddy component corresponds, by definition, to 
the relation 

for 7 >>d we have for the field produced in the hole by 
this component the estimate: 

where 7 is the characteristic value of the "eddyJ' cur- 
rent density in the surface layer. Thus, as is easy to 
see, the field produced by the eddy component in the 
hole is localized near the conductors over a distance "d 
and decreases like l/r2 with distance from them. 

Let us ascertain, in view of this, what precisely can 
be measured in experiment. As a rule, in the corre- 
sponding thermoelectric experiments the superconduct- 
ing coupling coil i s  connected in ser ies  with the mag- 
netometer in the thermoelectric circuit. It is then pos- 
sible to neglect the contribution of the material of the 
coil to the effect under consideration (this is, in any 
case, correct if the smallness of VT is ensured in the 
coil, o r  if the T, of the coil is sufficiently high), so  that 
i t  can be assumed that the measuring element is coupled 
to the magnetic flux threading a section of the circuit 
hole far from the effective sections of the conductors. 
Since the flux produced in the hole by the eddy compo- 
nent is localized near the conductors, we measure in 
such a situation a quantity that i_s proportional to the 
correction to the total current, J(T,, T,), of _the circuit, 
or,  more exactly, proportional_to the flux, @, produced 
by this correction in the hole: @=JL (L is the corre- 
sponding inductance). 

Let the ring be cut by the infinite plane corresponding 
to the horizontal plane of symmetry (Fig. lb), and let  
us find the temperature-dependent fluxes that link with 
this plane, which a r e  of interest to us. Taking into ac- 
count the fact that the magnetic field does not penetrate 
into the interior of the superconductor, we can divide in 
a natural fashion the part  of the indicated plane threaded 
by the magnetic field into four regions: (a) the hole of 
the ring, (b) the inner surface layer, (c) the outer sur- 
face layer, and (d) the part  of the plane outside the ring. 
On the basis of the condition of invariability of the total 
trapped flux (which corresponds to the regions (a) and 
(b)), we have 

which is determined from the condition of invariance of YL+@.r+@r=O. (33) 

the total flux, we should also take into account the con- 
tribution of the eddy component to the flux in the hole Here a,, is the temperature-dependent near-surface 
(whereas in the case of the long cylinder this component flux; because V,=O in the interior of a superconductor, 
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this quantity is, as before, determined by the integral 
of the corresponding superfluid current density along a 
closed contour lying along the inner surface of the ring; 
@, is the correction, produced by the purely eddy com- 
ponent, to the flux in the hole. To find @,, let us esti- 
mate the distribution of the magnetic flux produced by 
the eddy component. 

Let us consider a small section, ds,  of the ring. Let 
us denote the temperature-dependent fluxes correspond- 
ing to the inner and outer surfaces of the ring by 6@,, 
and 6@,; the magnetic fluxes produced by the eddy 
component in the hole of the ring by ha:, 6@:, and out- 
side the ring by 6@:, 6@:. Here the upper i indices de- 
note the hole of the ring, the e indices the region out- 
side the ring, while the lower indices denote the surface 
near which the currents producing the flux in question 
a r e  localized. Taking into account the fact that the 
overall sum of the magnetic fluxes linking with the in- 
finite plane is, for any given current system (i.e., for 
both the inner and the outer currents), equal to zero, 
and neglecting (on the basis of the parameter &/dl the 
fluxes produced by the inner current system in the outer 
surface layer and by the outer current system in the in- 
ner surface layer, we have: 

It can be seen on the basis of (32) that, for a specified 
current distribution law, j(z, 9), a scaling law for the 
H-field distribution is fulfilled with respect to the cur- 
rent strength j. Thus, the division of the flux between 
the hole of the ring and the region outside the ring is 
determined by the geometry factors: 6 q  = k,6@:, 6@: 
=ke6@E, where k, and k, a r e  parameters that depend on 
the geometry of the circuit. Notice that, from the point 
of view of geometry, the substitutions 6@:- 6@: and 
643:- 6@; correspond in the flux calculation to the re- 
placement of the inner region of the ring by the outer 
region; this replacement thus manifests itself at dis- 
tances -R from the  conductor^.'^' But, a s  has been 
noted, the field produced by the eddy component is lo- 
calized near the conductors over distances -d. There- 
fore, the difference between the quantities k, and k, has 
a n  order of magnitude - d / ~ .  Taking this into account, 
we obtain 

From these relations and with allowance for (33) and 
(35), we obtain for the quantity of interest to us, 6 6  
= 6(JL), the expression 

Thus, i t  can b e  seen that, if 6@,, # 6@,, then the 
magnitude of the measureable temperature-dependent 
flux is of the same order of magnitude a s  in the case of 
a long cylinder (for a given value of the characteristic 

surface density of the superfluid current I,). In partic- 
ular, for the thermoelectric effect j,- f ( I V ,  I )vT and, 
thus, j, has the same sign a t  the inner and outer sur- 
faces of the ring. Therefore, a s  is easy to verify, 6@,, 
and 6@, have different signs, so  that 

In this case the formulas (26) can be used to estimate 
the measurable quantity. Notice, however, that in the 
case of a ring the parameter S, which determines the 
coupling of the trapped flux, @, to the characteristic 
surface density of the superfluid currents I, &-@/I,), 
depends on the relation between the trapped flux and 
the external magnetic field strength X. In particular, if 
@a J X ~ U  (the integration is performed over the cross  
section of the hole) and, consequently, 

then g- 2n2R2; this situation corresponds to an antisym- 
metric distribution of the superfluid currents over the 
outer and inner surfaces of the ring. If, on the other 
hand, @ >> JXdo, then S -dL. 

In the case of the redistribution effect, as is easy to 
see  from (30), the condition 6@,, 6@, can be fulfilled, 
in particular, in the case of an antisymmetric distribu- 
tion of the superfluid velocity over the inner and outer 
surfaces (Jo << @/L). The latter circumstance is real- 
ized if the trapped flux is due to an external magnetic 
field that does not change after the superconducting 
transition. In such a situation the observable variation 
of the flux with temperature i s  significantly less  than 
the variation predicted by (29)-by a factor -d/R that 
represents the geometry factor. On the other hand, for 
J,, << @/L the picture is appreciably complicated by a 
strong dependence on the geometry factor. For exam- 
ple, in the case of a circuit of a more complex shape 
the geometry factor can be different for different sec- 
tions of it. Therefore, since a t  different junction tem- 
peratures the dominant contribution to the effect can be  
made by different sections of the circuit, the tempera- 
ture dependence of the measurable flux can also be- 
come complicated in comparison with (29). Thus, if 
there is tapering near the "hot" junction (Fig. 3), then 
for the measurable correction to the flux we can, in the 
case when ~ T / ( T ,  - T,) s ~ / d ,  obtain the estimate: 

so  that in this case increases rapidly a s  T2- T,. 

3. Let us now qualitatively discuss the results ob- 
tained. We have shown that the thermoelectric effects 
in the current state of superconductors, considered by 
Aronov, can be observed in bulk superconductors too. 
In this case, despite the surface nature of the thermo- 
electric current, j,, the magnitude of the effect is of 
the same order of magnitude a s  in the case when the 
"bare" thermoelectric current i s  uniformly distributed 
over the sample thickness with a density equal to the 
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FIG. 3. 

surface value j,. It seems that this result is also valid 
for surface effects of a different nature, that corre- 
spond to different mechanisms of generation of nonequi- 
librium near-surface currents in superconductors (e.g., 
the acoustoelectric mechanism). 

In observing the thermoelectric effect in the current 
state, we should also take into account in connection 
with the dependences X (T) and N,(T) the redistribution, 
caused by the variation of the temperature (and con- 
sidered in Ref. 20), of the magnetic flux linked with the 
thermoelectric circuit between the hole of the circuit 
and the surface layer of the superconductors. This re-  
distribution also leads to a temperature-dependent flux 
in the hole. With allowance for (26) and (29), the ratio 
of the thermoelectric correction to the flux to the cor- 
rection due to the redistribution effect has, for TI-T,, 
the order of magnitude 

(Here K is the geometry factor; we have also taken ac- 
count of the fact that a temperature gradient can be 
established only in a section of the contour of dimension 
X.) This quantity increases as the flux increases. 
However, the latter is limited by the fact that the field 
near the superconductors must not exceed H,,- @,/h2. 
From this i t  is easy to see  on the basis of (371, a s  well 
as (26) and (29), that the closeness of T, to T, is less  
preferable for the observation of a thermoelectric ef- 
fect of the type considered by Aronov, and that the opti- 
mal situation corresponds to 

It can be seen that, a s  a rule, the contribution of the 
redistribution effect significantly exceeds the thermo- 
electric contribution. An exception may be  the thin-ring 
(i.e., d <<It) situation in the case when the trapped flux 
is due to an external field that does not change after the 
superconducting transition. In this case Kwd/R << 1. 
With allowance for all the foregoing, we can obtain an 
estimate for the ultimate ratio +,/A+ (~P-H,,R~,N,"N 
- N,): 

Since d / ~  can be fairly small (-lO'-l~-~), i t  can be 
seen that, for  superconductors with sufficiently low T,, 
the effects under consideration can be of the same order 
of magnitude at T < 2 K (rph(T) 2 sec). 

It can be seen from our analysis that, to reduce the 
role of the redistribution effect, it is advisable to make 
the range of variation of the temperature narrower 
(i.e., to make VT greater) and, in any case, avoid 
bends in the conductors in this region (Fig. 4). In spite 
of the relative smallness of the contribution of the sur- 

face thermoelectric effects, i t s  separation can be fac- 
ilitated by the following circumstances. One of them is 
the difference in the temperature dependences of the 
thermoelectric contribution and the contribution of the 
redistribution effect (cf. (26) and (29)). Another cir- 
cumstance is that the sign of the thermoelectric correc- 
tion to the flux depends on the  direction of VT. At the 
same time, the redistribution effect's contribution, 
which is determined by the local variation of the tem- 
perature, does not depend on the sign of VT provided 
the magnetic.field and the geometry factor a r e  sym- 
metrically distributed with respect to the "hot" and 
#I cold" junctions, in particular, if a circuit with a con- 

figuration symmetric with respect to the interchange 
T1*T2 (a circuit of the type shown in Fig. 4) is located 
in a uniform external field. Therefore, the use of a 
scheme with two heatersc15' can allow the separation of 
the thermoelectric contribution fromthe contribution of 
the redistribution effect (cf. Ref. 20). Finally, let us 
note that the contribution of the redistribution effect 
changes sign when the sign of v, is changed, whereas 
the thermoelectric contribution does not change when 
this is done ((20), (26)). Therefore, i t  is possible that 
the use of variable o r  inhomogeneous external magnetic 
fields will also enable us to separate the contribution of 
the thermoelectric effects. 

Let us now discuss the question of the possible in- 
fluence, indicated in Ref. 20, of the redistribution effect 
on experimental investigations of volume thermoelectric 
effects in superconductors.cl~s' Such an influence is due 
to the fact that, as a rule, a trapped "stray" magnetic 
flux exists in a thermoelectric circuit. The ratio of the 
contributions of these two effects to the measurable flux 
is determined with allowance for (29) and the results of 
Ref. 3 by the quantity 

Here q is the thermoelectric coefficient (q-ao, a is the 
thermoelectromotive force in the normal state and a is 
the conductivity), I, is the surface density of the *'strayy' 
superfluid currents. If the trapped flux is due to the 
remanent magnetic field, X, of the system, then I, 
- cX/4?l. 

Notice that the quantitative estimates obtained in Ref. 
20 for the contribution of the redistribution effect and 
its relationship with the thermoelectric contribution a r e  
in accord with our results for K-  1."' An exception is 
thus the case of a ring with an antisymmetric distribu- 
tion of the superfluid current over the inner and outer 
surfaces; as we have shown, for such a ring K-d/R 
<< 1. Since it can be assumed that the remanent fields 
do not change in the course of the experiments, it is 
precisely such a distribution of the Meissner currents 

FIG. 4. 
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that is realized in the contour in question when d/R << 1. 
In our opinion, the present circumstance significantly 
facilitates the separation of the thermoelectric contribu- 
tion (in comparison with the estimates made in Ref. 20); 
in this case it is important to avoid having taperings in 
the contour in the vicinity of the junctians, since they 
may not only increase the contribution of the redistribu- 
tion effect, but also impart to it a "singular" tempera- 
ture dependence. 

We wish to point out another possibility for the ap- 
pearance of Ustray" currents in the contour. If in the 
course of raising the temperature of the "hot" junction 
it exceeds the T, of one of the conductors, then there 
ar ises  in the contour a normal section with a tempera- 
ture gradient. The thermal e.m.f. arising in i t  gener- 
ates a current that circulates around the contour and 
produces a magnetic flux that can be partially trapped 
during the subsequent decrease of the temperature. A 
rough estimate of the resulting surface density of the - 
superfluid current yields I,-qVTd, where is some 
characteristic value of the temperature gradient. No- 
tice that for this current K- 1. In this case, i f  VT 
changes i t s  direction in the cause of the experiments, 
but passage through T, is accomplished each time, then 

t h e  indicated current and i ts  contribution to the redis- 
tribution effect will change their signs. 

Let us now proceed to the discussion of specific ex- 
periments. As seems to us, there exist a number of 
circumstances indicating that i t  was precisely the ther- 
moelectric effect that was observed in ~ a v a r i t s k c ' s  
e~per iments~ '~ ' :  (a) the numerical estimates made 
within the framework of theoryc3] yield, in any case, 
the correct order of magnitude of the observed effect, 
while the temperature dependence is fairly well de- 
scribed by the theoretical curves; (b) for the purpose 
of separating out the spurious effects in these experi- 
ments the sign of VT was changed, whereupon a change 
of sign of the measurable correction to the flux was ob- 
served; (c) it is significant that the observed effect de- 
pended, in accord with theory, on the sample purity- 
for "dirtier" samples the effect was significantly weak- 
e r  (on account of the fact that j, -1). At the same time, 
as is easy to see, for 1 >> 5 ,  the redistribution effect 
does not, in general, depend on the sample purity. 

The totality of these three circumstances indicates, 
in our opinion, a thermoelectric effect. At the same 
time, the remaining experimental i n v e ~ t i ~ a t i o n s , ~ ~ ~ - ' ~ ~  
in which anomalously high temperature-dependent fluxes 
were observed, are,  apparently, indeed connected with 
the redistribution effect. Thus, assuming the strength 
of the remanent field is an order of magnitude less  than 
the upper limit given in Ref. 17, we can, on the basis 
of (291, obtain the correct order of magnitude of the 
temperature-dependent magnetic flux observed in Ref. 
17. On the other hand, the temperature dependence of 
this flux (see Ref. 17) is, withthe exception of the rapid 
growth in the vicinity of T,, in fairly good agreement 
with (29) (Fig. 2). This growth may be connected with 
the presence of a tapering of the contour near the "hot" 
junction (cf. (36)). 

The author is grateful to A. G. Aronov, Yu. M. Gal'- 
perin, V. L. Gurevich, D. B. Mashovets, and Yu. V. 
~ o ~ o r e l ' s k i r  for looking through the manuscript, for a 
discussion of the work, and for a number of important 
comments. 

"Let us note that the possibility of the appearance of magnetic 
fields in simply-connected, inhomogeneous, and anisotropic 
superconductors in the presence of a temperature gradient 
was pointed out by Gbzburg.['l 

2 '~uch a situation is fairly typical, since in actual experiments 
there exists, a s  a rule, a trapped magnetic flux in the ther- 
moelectric circuit. 

3 ) ~ h e  author is grateful to Yu. M. Gal'perin, who pointed out 
this circumstance. 

4 ' ~ h e  appearance of a near-surface magnetic flux during the 
propagation of a surface acoustic wave, which gives rise to a 
current of dragged normal excitations, was first pointed out 
by Yu. M. Gal'perin. 

S'~trictly speaking, what is  important for the effect in question 
is not the presence of a temperature gradient, but the local 
variation of the temperature. 

6 '~t  is easy to see that (la) follows from the condition E/6p <<A, 
where 6p =pi -pz is  the momentum transferred during the 
Andreev reflection of a particle from an inhomogeneity of the 
field of the velocities v,; pie2= 2m{[p- (p? +p:)/2ml -p, 
XU,)' - A ~ I ~ / ~ } .  The latter inequality is also given in Ref. 21. 
It is  then easy to see that, in order of magnitude, E/6p de- 
termines the scale of the damping of the particle wave func- 
tion in the classically forbidden region. In fact, the present 
condition implies an additional limitation on the applicability 
of the kinetic equation for trapped particles and should, 
strictly speaking, also be supplemented by the condition 
W p  < < I .  

"Let us note that the estimate (17) is,  in order of magnitude, 
also valid in the homogeneous situation involving thin con- 
ductors and not too low v,, (la). 

" ~ o t i c e  that the real function f(z)  could have easily been taken 
into account by using the Laplace transformation. 

"since all the quantities of interest to us decrease rapidly 
when z 2 X, we shall, for simplicity, perform the integration 
over z within the limits 0, m. 

" '~ot ice that in the case of a circuit of more complex config- 
uration the quantity R, which has the meaning of a character- 
istic dimension of the system near a given section of the cir- 
cuit, is determined by min(R*(s), a(s)),  where R*(s) and 
a (s) a r e  respectively the radius of curvature at  the given 
point of the circuit and the distance to the opposite conductor. 

" '~ot ice that the experimental study of the redistribution ef- 
fect was carried out in the work published in Ref. 20 under 
conditions when an additional undamped current was excited 
in the circuit. As we have shown, in the presence in the cir- 
cuit of a ring current Jo - +/L the quantity K - 1. 
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Trap charge exchange waves in compensated germanium 
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We have observed experimentally, at 90 K, impedance oscillations due to excitation of trap charge 
exchange waves in n-Ge compensated with gold. It is shown that the o h e d  impedance hgukities 
(shift of the oscillations to lower frequencies with increasing dc voltage and with decreasing sample length, 
decrease of the oscillation period with decreasing frequency, change of frequency with changing 
conductivity) agree with the "inverse" dispersion law o-' = k v w ,  that is characteristic of these waves. 

PACS numbers: 71.70.Gm, 72.20.J~. 72.80.C~ 

1. It was shown earlierc1] that in a compensated 
monopolar semiconductor it i s  possible to excite 
weakly damped trap charge-exchange waves. The main 
feature of these waves is their "inverse" dispersion 
law. The frequency w and the wave vector k are connec- 
ted by the relationc'] 

where v = pE is the electron drift velocity, is their 
lifetime, T,, = </41T~, and u=  enp  is the conductivity. In 
this paper we present experimental proof of the exis- 
tence of these waves. 

The onset of charge-exchange waves should lead to 
singularities in the behavior of the impedance of a 
~ r y s t a l . [ ~ * ~ ]  If a traveling wave-charge wave is present 
in the sample, a phase shift appears between the cur- 
rent and the voltage, and the admittance has accordingly 
a reactive component. The phase shift due to the wave 
vanishes when the sample spans an integral number of 
waves. The sample impedance will therefore oscillate 
with changing frequency of the alternating field. This 
reasoning is apparently valid for  all waves propagating 
in a homogeneous medium. However, the impedance 
oscillations will have a different character as a function 
of the nature of the wave. For charge-exchange waves, 
the impedance singularities are dtte to the dispersion 
relation (1). It was shownc2] that the susceptance of the 
sample corresponds to a capacitance greatly exceeding 
the geometrical value. Under conditions when the con- 
ductivity is controlled by trapping on one compensated 

level of the impurity, the expression for  the low-fre- 
quency capacitance can be approximated by 

where C,= &/4rd is the geometric capacitance of the 
sample, S is the cross-section area, d is the sample 
length, and t is the permittivity. Expression (2) is 
valid for short  samples (d<< VT, v~,) and if diffusion is 
neglected. When d/wsvz, = 2 mn (m are natural num- 
bers) ,  i.e., precisely when the sample length is equal 
to an integer number of charge-exchange wavelengths, 
the capacitance of the sample is minimal. 

Some other singularities of the impedance are also 
obvious consequences of the dispersion law (1). The 
oscillations of the frequency dependence of the capaci- 
tance should shift towards lower frequencies with in- 
creasing constant field E or with decreasing density n 
of the f ree  electrons, while the maxima and the minima 
should come closer together with decreasing frequency. 
Since the charge-exchange wavelength depends on n and 
E, the capacitance of the sample should oscillate also 
if n and E vary and the frequency w is fixed. At low 
frequencies the conductivity also acquires an oscillating 
increment 

It is seen from (2) and (3) that the frequencies of the 
ReY oscillations should become higher than those of 

189 Sov. Phys. JETP 47(1), Jan. 1978 00386646/78/4701-0189$02.40 0 1978 American Institute of Phy ia  189 


